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A high-resolution neutron velocity selector, or “fast chopper,” has been constructed and is in routine
operation at the Brookhaven reactor. It consists of a high-speed rotor that produces bursts of neutrons of
about 1-usec duration, together with a neutron detector at the end of a 20-meter flight path and circuits with
which the time of flight is measured. The construction and operating characteristics of the equipment are
described briefly. The methods that are used for analysis of sample transmission curves in the energy regions
of good and of poor resolution are presented, together with curves used to correct for the effects of Doppler
broadening and sample thickness. In the good resolution region the measured total cross section in the
vicinity of a resonance can be interpreted to give the total width I" and gI',.. In the poor resolution region only
the quantity ooI'?, which is proportional to gI'.T", is obtained. Measured parameters for levels in the 2 to 200
ev energy region are given for silver, iodine, thorium, gold, manganese, and cobalt. The results are compared

with theoretical expectations.

I. INTRODUCTION

LTHOUGH the characteristic features of low-lying
levels of some heavy nuclei are reasonably well
known from radioactive decay schemes, little detailed
information is available on the properties of the levels at
excitation energies corresponding to the binding energy
of a nucleon. With the use of slow neutrons it is possible
in principle to determine the properties of individual
nuclear energy levels at an excitation energy just above
the neutron binding energy, which is of the order of 7
Mev. For those nuclei in which the first virtual level
occurs only one or two electron volts above neutron
binding energy, the properties of the level have been
determined reasonably well by neutron cross-section
measurements. Because of the limited energy resolution
available with neutrons, however, it has not been
possible until recently to measure the resonance prop-
erties for individual levels higher than a few electron
volts. Some information has been obtained on the
average properties of resonances from cross sections at
higher energies, which are functions of the level parame-
ters averaged over many resonances. Such studies! have
shown, for example, that the spacing of levels about one
Mev above neutron binding energy exhibits sharp
discontinuities at “magic number” nuclei, although it
varies smoothly with atomic weight for other nuclei.

In order to exploit the possibility of obtaining detailed
information on many levels in individual isotopes by
means of neutron resonances, it was important to in-
crease the resolving power of the measuring instruments
over that available a few years ago in order to isolate the
individual resonances. Study of individual isotopes has
assumed greater interest with accumulating evidence
that the shell structure of nuclei has a marked effect on
the nuclear energy levels. According to the liquid-drop
model, used almost exclusively to interpret nuclear
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structure some years ago, no significant differences
would be expected from isotope to isotope other than the
minor ones arising from differences in neutron binding
energy, which depend in turn on odd-even effects and
location relative to the valley of stability. From this
point of view there would be no great importance in
making detailed measurements on individual isotopes,
for any one would be a good representative of others in
the same general region of the periodic table.

At the time the present work was begun it seemed
certain that, contrary to the liquid-drop model, the
ground states and the first few excited states of many
nuclei were determined largely by the shell structure of
the nucleus. It was not known to what extent the shell
structure determined the energy levels at high excita-
tion, however. It seemed likely that at sufficiently high
excitation the effect of the shells would disappear and a
liquid-drop model would be more appropriate. The
capture cross sections! at 1 Mev, which gave the average
level spacings at energies 1 Mev higher than neutron
binding energy, indicated that the shell structure had
some effect on the level spacing even after the difference
in excitation energy (caused by binding energy dis-
continuities) was taken into account. The possibility of
shell structure extending to high excitation energy was a
strong reason for efforts to improve the resolution of
neutron spectrometry and for measurements with indi-
vidual isotopes. During the progress of the work here
reported, new developments in nuclear models>™* have
increased the importance of resonance measurements,
because they serve to test the predictions based on these
models.

Many of the previous measurements of neutron
resonances at low energy had been performed with
cyclotron time-of-flight equipment® ¢ or neutron crystal
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spectrometers™* used with piles. The resolutions avail-
able with these two methods were of the same order of
magnitude and were sufficient to give the parameters of
individual resonances below about 10-ev neutron energy.
Recently other time-of-flight instruments of greatly
improved resolution have been put into use, namely fast
choppers,'2 linear electron accelerators,?=2% and beta-
trons.?® The manner in which the improved resolution of
these instruments has revealed increased resonance
detail is illustrated in Fig. 1, which gives the total cross
section of silver as reported in the literature during the
last few years.

The most convenient unit for comparing the resolving
power of these instruments, whether of the time-of-
flight or crystal diffraction variety, is microseconds per
meter, that is, the uncertainty in neutron flight time
divided by the flight path in meters. The variation of the
instrumental resolution with neutron energy is the same
for the time-of-flight and the crystal diffraction instru-
ments; hence they all can be compared in units of
usec/m.2" There is a great difference, however, in the
variation of counting rate with energy for the two types
of instruments: the intensity per unit time decreases
rapidly with energy in the crystal diffraction method but
remains almost constant with energy in the time-of-
flight instruments. The energy spreads for several values
of instrumental resolution are given in Table I as func-
tions of neutron energy. The energy spread is pro-
portional to the resolution (usec/m) and increases
rapidly with neutron energy (as E?). Most of the
cyclotron time-of-flight work was done in the 0.5-1.0
usec/m resolution range, and the recent instruments
have reached approximately 0.1 usec/m.

In the present paper the Brookhaven chopper will be
described briefly; then the methods that have been
developed for analyzing resonances will be discussed in
detail. Results for several isotopes, as well as the bearing

7W. H. Zinn, Phys. Rev. 71, 752 (1947).

8W. J. Sturm, Phys. Rev. 71, 757 (1947).

9 Borst, Ulrich, Osborne, and Hasbrouck, Phys. Rev. 70, 557
(12’4163'3 Borst and V. L. Sailor, Rev. Sci. Instr. 24, 141 (1953).

1V, L. Sailor and L. B. Borst, Phys. Rev. 87, 161 (1952).

12V, L. Sailor, Phys. Rev. 91, 53 (1953).

18 Foote, Landon, and Sailor, Phys. Rev. 92, 656 (1953).

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

15 W. Selove, Phys. Rev. 84, 869 (1951).

16 W. Selove, Rev. Sci. Instr. 23, 350 (1952).

17 G. S. Pawlicki and E. C. Smith, Phys. Rev. 87, 221 (1952).

18 Seidl, Hughes, and Palevsky, Phys. Rev. 89, 897 (1953).

¥ Hughes, Seidl, Palevsky, and Levin, Phys. Rev. 90, 363
(12"5132)..R. Palmer and L. M. Bollinger, Phys. Rev. 91, 450 (1953).

21 Bollinger, Thomas, and Palmer, Phys. Rev. 91, 452 (1953).

2 Bollinger, Harris, Hibdon, and Muehlhause, Phys. Rev. 92,
1527 (1953).

28 A, W. Merrison and E. R. Wiblin, Nature 167, 346 (1951).

24 A, W. Merrison and E. R. Wiblin, Proc. Roy. Soc. (London)
A215, 278 (1952).

25 Hodgson, Gallagher, and Bowey, Proc. Phys. Soc. (London)
A65, 992 (1952).

26 Yeater, Gaerttner, and Baldwin, Phys. Rev. 91, 451 (1953).

27 The instrumental resolution of the crystal spectrometer arises
from the finite spread in diffraction angle, but this spread corre-
sponds to a fixed uncertainty in psec/m.

00— T T
300 ! T T T
2001 .
1953 BROOKHAVEN - FAST CHOPPER
100+ -
701 -
40 -
20— -
10 .
,\
ot —
4t
5ol i
195| |HARWELL-LINEAR ACCELERATOR
20+ 4
(2]
c 10 /\,\/\/L |
e
o T+ -
a 4
| 50F =
5 1951 |BROOKHAVEN-CRYSTAL SPECTROMETER
o
g 20- R
10k B
7
5|
50F g
194 9 [ARGONNE-FAST CHOPPER
204
10k . A
R —
2or 1946 ]
COLUMBIA-PULSED GYGLOTRON
3 E
I 1 ! 1 L 1 Il | L
0 2 4 7100 2 4 7100 2 4 710000

NEUTRON ENERGY - ev

Fi1c6. 1. The total cross section of silver as a function of neutron
energy. This figure illustrates the manner in which the improved
resolution available in recent years has revealed increased reso-
nance detail in the energy region below 200 ev.

of these results on current nuclear models, will be
presented.

II. APPARATUS

The fast chopper is a mechanical shutter that pro-
duces neutron bursts of very short duration by me-
chanical interruption of a pile neutron beam. The pulses
signalling the arrival of the neutrons at a distant de-
tector are sorted into narrow time channels according to
the time elapsed after the burst. In this way neutrons of
discrete velocities are selected from a beam containing a
wide velocity spread, although no true “monochromatic”
beam has been produced. The resolution of such time-of-

TasirE I. The energy spreads in ev for several values of
instrumental resolution.

Instru-

re’;ﬁ?‘tglon Neutron energy (ev)

(usec/m) 1 5 10 50 100 500 1000
0.1 0.0028 0.031 0.088 0.98 2.8 31 88
0.5 0.014 0.155 0.44 49 14 155 440
1.0 0.028 0.31 0.88 9.8 28 310 880
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flight equipment depends on (1) the rapidity with which
the chopper opens and closes, (2) the distance between
the chopper and detector, and (3) the time limits within
which the detector and its associated equipment define
the arrival of the neutron. The Brookhaven fast chopper
has been designed to improve the first factor by its
ability to open and close in about 1 usec. The second
factor has been made as favorable as possible by taking
advantage of an intensity high enough that a 20-meter
flight path can be used. It is possible to reduce the effect
of the third factor by making the speed of the electronic
equipment faster than the burst time of the chopper. An
inherent difficulty arises, however, from the fact that the
detector itself may introduce an appreciable uncertainty
in the time of arrival of a neutron. Considerable effort is
being given to the improvement of the detection appa-
ratus in order to minimize this uncertainty.

A. Chopper

The chopper consists of a stationary slit system (the
stator) and a moving slit system (the rotor). From a
crudely collimated pile neutron beam the stator pro-
duces two sharply defined, slightly divergent beams, and
the rotor intercepts these beams except at the moment
when the slits of the rotor are aligned with those of the
stator. A light beam, which initiates the electronic
timing circuits, also passes through the same slit system
as the neutrons. The rotor contains eight pairs of slits,
the pairs being used to attain as much intensity as
possible without sacrificing resolution. However, if more
than two slits were employed simultaneously the rotor
would not be sufficiently opaque to neutrons.

The shape of the slit system, Fig. 2, is such that each
pair of rotor slits opens only once per revolution. The
curvature of the trailing edge of the slit is designed to
allow the passage of only those neutrons above a certain
velocity, the slit closing after the neutrons of minimum
velocity have passed through the rotor. Were it not for
this elimination of slow neutrons they would reach the
detector at the same time as the fast neutrons of the next
burst, and this “overlap” would necessitate removal of
some of the pairs of slits or a reduction in the flight path.

DIRECTION OF ROTATION

- , ,
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F16. 2. A schematic plan view of the fast chopper rotor and
entrance and exit stators. The shaded areas indicate plastic that is
opaque to neutrons. The shape of the slit system is such that each
pair of rotor slits opens only once per revolution.
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Actually the intensity of even the high-energy neutrons
is decreased somewhat by the movement of the rotor
during the time these neutrons traverse it. As a result a
decrease in intensity, which is minor at high velocities
and complete at the cutoff velocity, is produced. The
many factors involved in the conflicting requirements of
rapidity of the burst, provision of sufficient neutron
stopping material for opacity, and large solid angle for
intensity, were the subject of extensive analysis of
neutron passage through various shutter systems; the
present design is the result of these extensive computa-
tions.?8

Because of the many conflicting needs the rotor itself
has a somewhat complicated structure, Fig. 3. The
assembly containing the slits is made up of a total of 176
pieces of plastic held by two aluminum (14S-76) alloy

F1c. 3. A photograph of the partly assembled rotor. The 4 pairs
of arms enclose the narrowest regions of 4 pairs of rotor slits. The
rotor is made up of many pieces of plastic held between two
aluminum forgings. It has a 30-in. diameter and weighs 250
pounds.

forgings. It has a 30-in. diameter and weighs 250 pounds.
As the present chopper is intended for use in the energy
region 10 ev to 10 kev, hydrogen in the form of high-
strength phenolic laminate was chosen as the neutron-
stopping material because of its high stopping power and
low density. With the present design, actual operation
showed that for about the first 2° after closing of the
slits a slight leakage of high-energy (2-Mev) neutrons
occurs by penetration through the phenolic material.
These fast neutrons reach the detector in a short time,
and at a rotor speed of 6000 rpm, cause some additional
background for flight times less than about 40 usec,
corresponding to neutron energies above 1.3kev. Another
obvious difficulty in the use of phenolic laminate as
neutron-stopping material is that even between neutron
bursts the gamma-ray intensity in the beam is not

%8 The important design factors and the method of construction
of the rotor are described in detail by F. G. P. Seidl in a forth-

coming Brookhaven National Laboratory report, BNL-278 (T-46)
(unpublished).



NEUTRON RESONANCES

greatly reduced and the neutron detector must therefore
have a high discrimination against gamma rays. Some
reduction of gamma-ray intensity is obtained by in-
corporating lead or tungsten in the stator. Tungsten
would be useful in stopping the 2-Mev neutrons, but is
too heavy for use in the rotor.

The rotor is designed to operate steadily at a speed of
12 000 rpm, at which speed the calculated burst is ap-
proximately an isosceles triangle with full width at half-
maximum equal to 0.7 usec. Although the small size of
the slit is a result of the attempt to produce a burst of
short duration, the intensity being decreased thereby,
an advantage results in that exceedingly small samples
can be used, in actual practice as small as 20 mg. Lucite
sample holders, designed for powdered samples of vari-
ous thicknesses and of area slightly larger than the slit
area (0.0115 in.X1 in.) are used.

A photograph of the rotor and its housing is shown in
Fig. 4. The vertical rotation axis represents a distinct
difference between the present chopper and those of
previous designs, this axis having been chosen because
the mechanical problems of operating a high-speed rotor
are much simpler for a vertical suspension. The rotor is
operated from a dc motor by a %-in. drive shaft that
passes through an oil vacuum seal. The rotor operates at
a pressure of about 50 u of Hg because of the prohibitive
drag at atmospheric pressure. The oil vacuum seal is
located at the upper part of the drive shaft, which is
polished to a high finish. The fact that the present rotor
has now operated at 6000 rpm for 18 months with no
difficulty illustrates the mechanical simplicity of the
vertical suspension. A second rotor has now been built
and is being tested for higher speeds; at the present time
it has been run at 11 000 rpm for 5 hr. Experimentally
some resonance vibration is apparent when the rotor is
turning at extremely slow speeds. Above 1000 rpm the
rotor spins about its own center of mass with the drive
shaft flexing if necessary in order to follow the rotor, and
no observable resonance effects are encountered. None
of these minor oscillations cause any difficulty in bring-
ing the rotor up to speed, although as a precautionary
measure the stator, which is located as close to the rotor
as possible at full speed, is removed about % in. during
the period of acceleration. In case of power failure, or
any unusual operation of the electronic circuits, the
stator is also moved away automatically.

B. Control and Timing Circuits

Both the electronic circuits to control the chopper and
those to time the arrival of neutrons at the detector use
a signal from a photomultiplier at the exit collimator of
the chopper. By means of mirrors and prisms, light from
a tungsten-filament source mounted on the entrance
stator is sent down the neutron-beam slits and is re-
flected onto the photomultiplier, thus ensuring that the
neutron burst and light signal are coincident.

The chopper rotor is driven by a dc motor, powered
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F1G. 4. A photograph of the assembled rotor and its housing.
The rotor spins about a vertical axis. Entrance and exit stators are
not in place. The pile shield is in the background.

by a motor-generator set. The motor speed is kept
constant by an electronic speed controller that acceler-
ates the rotor at 200 rpm per minute to a predetermined
speed and maintains that speed to within 0.1 percent.
To slow down or stop the rotor the armature circuit may
be opened and the rotor will slowly lose speed because of
friction and motor windage. To hasten the deceleration
the driving motor is used as a generator and the stored
energy in the rotor then drives the motor-generator set.
The level of this electrical damping is adjustable.

The over-all control system also includes several
standard safety features, the main overload protection
being a magnetic circuit breaker. Interlocked with the
breaker are circuits that open the armature circuit if the
vacuum in the chopper housing falls below a prede-
termined level, if the voltage across the motor rises
above a pre-set level, or if any of the voltage supplies
for the rotor drive or control system fail. The rotor and
its control circuits have now been in operation for about
8000 hr with a minimum of maintenance and repair.

The detector in use at the present time consists of a
bank of 2-in. diameter BF; proportional counters con-
taining enriched boron. Thirty-five of these counters,
connected in parallel, are arranged to fill a volume 10 in.
wide, 24 in. high, and 5 in. in the direction of the neutron
travel. The efficiency of this bank of counters is ex-
tremely low at high energy, for example it is only 0.3
percent at 1-kev neutron energy. The effect of the finite
flight path in the detector on the resolution will be
discussed later. Although the small sample size is a
distinct advantage of the fast chopper in that it allows
the use of such rare materials as separated isotopes, the
large size of the neutron detector is a disadvantage for it
requires many BF; counters in the present design or
extremely large scintillation counters in other possible
designs. -

The timing of the neutrons is performed by turning on
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F1c. 5. A schematic elevation view of the arrangement of the chopper at the pile. All dimensions except those of
the chopper are approximately to scale. The vertical scale is about 5 times the horizontal scale. The distance be-

tween the chopper and the detector is 20 meters.

an oscillator with the light pulse from the photo-
multiplier, then turning it off with the pulse resulting
from the detection of the neutron, a method that results
in unusually simple, reliable circuits.® The flight time is
measured by counting the number of oscillations with a
double-decade scaling circuit arranged in a 10X10
matrix. Some time later (but before the next light pulse)
a scanning pulse transmits the position where this
scaling matrix has come to rest to a bank of 100 registers,
one corresponding to each matrix point. The scalers are
reset and the system is then ready for another light
pulse. The position of the 100 channels may be delayed
with respect to the light pulse in steps of 10 channels by
means of a coincidence circuit that switches off all pulses
from the detector until a pre-set number of oscillations
have been counted. The counting of the delay is done by
the same 10X 10 matrix scaler that generates the chan-
nels; in this case it is used as a predetermined count
scaler.

Since the transmission and recording of the time of
flight can be done in times long compared to the channel
width (3, 1, 2, or 4 usec channels are available) no fast
coincidences are required ; the only critical parts of the
circuits are the fast scalers which are of standard design.
The inability of this system to detect more than one
neutron per burst is only a very minor drawback, for the
number of detected neutrons of all velocities is very
small, only 1/30 per burst at 6000 rpm. The probability
of a second count occurring in a particular.100-channel
region in the same burst is 1/100 or less, and the
resulting loss of counts can be easily calculated.

C. Experimental Arrangement at the Pile

The arrangement at the pile of the chopper, as well as
the beam collimator and the detector, is shown sche-
matically in Fig. 5. The particular experimental hole
used for the chopper is 4 in. wide by 12 in. high, and

2 The electronic analyzer is described in detail in a forthcoming

Brookhaven National Laboratory report by Graham, Higin-
botham, and Rankowitz.

extends approximately to the center of the pile. At the
far end of the hole, inside the pile lattice, a 12-in. cube of
bismuth metal is placed to decrease the intensity of
gamma-radiation in the beam. The thermal flux in the
pile lattice at the base of the hole is 5X 10" neutrons/cm?
sec. The resonance neutron flux, which is the flux of
direct interest for the fast chopper, has a distribution in
energy inversely proportional to the energy, i.e., the
well-known dE/E spectrum that exists in a graphite
moderator. The intensity of the dE/E spectrum relative
to the thermal flux is typical of a graphite pile; the
number of neutrons in each decade of the dE/E spec-
trum is given by 1/7 of the thermal flux. The effect of
the bismuth block on the neutron intensity was in-
vestigated at the time of installation of the chopper and
it was found that the presence of the bismuth did not
reduce the thermal or resonance flux appreciably,
although the gamma-ray intensity was reduced ap-
proximately twofold.

In order to lessen the number of neutrons emerging
into the open room a series of collimators is located
inside the beam hole. These collimators serve to reduce
the size of the beam from 4 in.X12 in. high at the base
of the hole to two beams, each % in.X13} in. high with
centers separated by 1 in., at the exit end of the hole.
The collimation thus forms two incident beams directed
toward the slits of the chopper stator. Even with this
beam collimation the neutron intensity is extremely high
in the region of the incident stator, and it is necessary to
surround the chopper with extensive neutron shielding
to keep the neutron intensity in the immediate vicinity
below physiological tolerance. The chopper is also sur-
rounded with sandbags and steel plates that serve as an
explosion shield ; this shield provides additional neutron
protection as well.

Samples are inserted in the chopper stator as already
described at a point where the beam reaches its smallest
size. After leaving the chopper the beam expands in size
until it attains an area of about 1 ft X3 ft at the neutron
detector 20 meters from the incident end of the rotor. In
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this 20-meter flight path the air scattering would be
sufficient to reduce the neutron intensity approximately
by a factor of two. Practically all this loss is prevented
by means of a plastic balloon, filled with helium, ex-
tending from the chopper to the detector.

Although some neutron shielding was used around the

detector when the chopper was first put in use, at the
present time all shielding has been removed from the
vicinity of the detector. It was found that even small
amounts of shielding near the detector caused some
scattering of neutrons back into the detector. These
scattered neutrons would have a flight path greater than
20 meters and hence be recorded in an incorrect velocity
channel. It was possible to eliminate the shielding at the
counters by improving that at the chopper itself, for
essentially all the background at the detector arises from
neutrons emerging from the fast chopper collimator
rather than from general room background.

III. PERFORMANCE CHARACTERISTICS

The equipment is very reliable and operates 24 hr a
day, seven days a week, without attention except for
sample changing and recording of data. Should a power
failure or any change in operating conditions occur that
causes the automatic circuits to stop the rotor, part of a
run is lost, but as the shutdown is automatic, no attend-
ance is necessary.

The actual counting rate obtained for the open beam
is shown in Fig. 6 as a function of flight time; this rate
agrees well with an actual calculation based on the
resonance flux, the geometry of the chopper, and the
efficiency of the detector. The peaks at 1.5 and 2.6
usec/m are associated with the 12-in. cube of bismuth
which is in the pile; the dips at 3.9 and 4.8 usec/m are
due to resonances in the various structural materials
that are in the beam. For flight times greater than 3
usec/m it is seen that the counting rate per channel is
nearly constant, exhibiting only a slow decrease with
increasing time of flight. This slow decrease represents
the so-called chopper function, which is a result of the
fact that the slits close partially during the time re-
quired by the neutrons to pass through the chopper.
Disregarding the chopper function, it is easily seen that
the counting rate per channel for a dE/E spectrum and
a 1/v detector should be constant with time of flight.
The flux incident on the counter is dE/E, hence the
counting rate will be proportional to dE/E?, but since
the dE represented by a constant channel width df is
proportional to 7%, the counting rate per channel will be
constant. :

The background, which is also shown in Fig. 6, is
about 4 percent of the counting rate at S-usec/m flight
time and consists about equally of neutrons scattered
from the fast chopper hole and alpha disintegrations in
the walls of the counters. The background is measured
by inserting a 4-in. paraffin block in the beam at the
exit stator. Detailed tests, involving intensity measure-
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ments as a function of paraffin thickness with the
chopper stationary as well as rotating, have shown that .
the 4-in. paraffin block does not affect the background
itself for flight times greater than 2 usec/m. For most of
the cycle (times greater than 2 usec/m) none of the
background originates in the beam itself (such as would
be true for background consisting of gamma rays in the
beam penetrating the chopper). For times less than 2
usec/m, however, the background is higher because of
the presence of some fast neutrons (about 2 Mev) that
penetrate the chopper while it is in a closed position but
before the full thickness of plastic has moved into the
beam. Background measurements have also been made
with thick samples in which the transmission at a
resonance was zero for several resolution widths. Al-
though these determinations indicate a slightly higher
background rate than that obtained from the paraffin
measurements, the difference is not sufficient to affect
the accuracy of transmission measurements.

In operation the counting rate is recorded for a given
number of counts on a monitor counter rather than as a
function of time; the monitor is necessary because of
fluctuations in pile intensity. It consists of a single
cadmium-shielded BF; counter located inside the shield-
ing of the chopper, where it is sensitive primarily to
resonance neutrons from the fast chopper hole that are
scattered by the stator. Except in special cases where
greater accuracy is required, sample runs are made
sufficiently long to obtain 2 to 3 percent statistical
accuracy per channel in regions between resonances.
Comparable accuracy can be obtained much more
quickly for the open beam run because for flight times
greater than 3 psec/m the open beam intensity is a
slowly varying function, and a smooth curve can be
fitted to the data. Background measurements are made
periodically during both open beam and sample runs.
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Fic. 6. The open beam and background counting rates as a
function of neutron time of flight. The peaks at 1.5 and 2.6 usec/m
are associated with the bismuth filter in the reactor; the dips at 3.9
and 4.8 usec,/m are caused by resonances in structural materials in
the beam. The open intensity continues to decrease slowly for
flight times greater than 16 psec/m. The background intensity,
which is constant for flight times greater than 2 usec/m, increases
at small flight times because of leakage of fast neutrons.
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Although a short burst of neutrons is of fundamental
importance in the attainment of high resolution, there
are several other points in the apparatus where un-
certainties in timing may occur, and it is therefore
necessary to ensure that these additional uncertainties
in timing are reduced at least to values comparable with
the burst time. The additional contributions to the
timing uncertainty consist principally of the width of
the electronic counting channel, the flight time in the
detector, and the delay in the collection of the pulses in
the detector. In the present equipment the counting
channels are adjustable in steps and the most efficient
use of the equipment is attained when the channel time
is about equal to the length of the burst. Under present
conditions the shortest channel time used is 1 usec, but
£-usec channels can be employed when the other timing
uncertainties are reduced sufficiently to warrant their
use. The time uncertainties involved in the operation of
the neutron counters are difficult to decrease and at the
present time constitute the major uncertainty in timing,
being actually longer than the burst itself. ]

There exists a variation in collection time in the BF;
counters which depends on the radial position of the
boron disintegration in the counter; the time distribu-
tion of this variation for uniform incident flux is a
rectangle about 4 usec wide. This counter “jitter’” adds a
large amount to the width of the resolution function, an
amount that is constant in time for all neutron velocities.
The finite length of the counter in the direction of the
neutron flight path (13 cm) contributes a constant
fractional uncertainty of 0.13/20, or 0.6 percent, to the
flight time. For high energies this uncertainty in time is
small compared to the counter jitter but for low veloci-
ties (below 10 ev) the flight time in the counter is the
major contribution to the timing uncertainty.

AOOO rpm

BURST /\eooo rpm
DETEGTOR I l
LENGTH

CHANNEL [\ 1 sec

/ \ 2/.L sec
DETECTOR I
YITTER'

RESOLUTION

FUNGTION

) 72.ev , — 5.22. eV K
4 ) 4 -a 0 4

L sec

Fic. 7. The calculated resolution function for neutron energies
of 72 ev and 5.2 ev. The separate timing uncertainties which con-
tribute to the resolution function are shown. The full width at half-
maximum of the resolution function is 0.18 usec/m (3.0 ev) at 72 ev
and 0.25 usec/m (0.083 ev) at 5.2 ev.
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The manner in which the various timing uncertainties
combine to give the final resolution function is shown in
Fig. 7 for neutron energies of 72 ev and 5.2 ev.¥ An
experimental check of this calculated resolution function
was made by comparison with a carefully measured
transmission function of a sample of silver. The experi-
mental transmission curve for a silver resonance at 72 ev
was chosen for the comparison because it should exhibit
a shape determined almost completely by the resolution
function, for the actual width of the silver resonance is
much less than the resolution width at 72 ev. The ex-
pected transmission curve for this silver resonance,
based on its measured “strength” (ool value—to be
described later) combined with the 72-ev resolution
function of Fig. 7, is compared in Fig. 8 with the
measured transmission. It is seen that good agreement
exists between the measured transmission curve and
that calculated from the resolution function. Thus it
appears that the separate contributions to the resolution
function are reasonably well known, and that the
effective resolution of the instrument for actual trans-
mission measurements is correctly given by the calcula-
tion based on these separate components.

Future improvement of the resolution of the entire
apparatus obviously depends primarily on improvement
in neutron detectors. At the present time development
of BF; and scintillation detectors for use with the
chopper is being actively pursued.® A multiple BF;
counter is being constructed, in which a large number of
small diameter proportional counters are mounted in a
large container in a common BF; atmosphere. The small
cathode diameter of these counters as well as the large
diameter of the center wire should give a time jitter of
0.5 psec, which is sufficiently small for the present
operating conditions. As this bank of counters is to be
9 cm long in the direction of the neutron travel, the
flight time in the counter will still add an appreciable
amount to the resolution function for work below 30 ev.

Scintillation counters should be superior to BF;
counters in both time jitter and size because the time
jitter is negligible and a solid scintillator containing
enriched boron can be made sufficiently thin that the
flight time in the counter will also be negligible. At the
present time a combination of fused B,O; and small
crystals of ZnS in the form of a large sheet about 1 cm
thick seems to be the most promising counter material.?!
The scintillations are detected by a series of photo-
multipliers connected in parallel and mounted in contact
with the sheet. This type of counter is capable of giving
high efficiency, of the order of 10 percent for neutrons up
to 1 kev, and extremely short time jitter and flight time
uncertainties. Until the timing uncertainties of the
detector are greatly reduced there is no advantage to be

% For the measurements to be described the burst width was
actually about 40 percent greater than the calculated value shown
in Fig. 7 because of a vertical misalignment of the slits in the stator
and rotor. This misalignment has now been corrected. All calcula-

tions from Fig. 8 on are based on the wider burst width.
31 Palevsky, Sjostrand, and Hughes, Phys. Rev. 91, 451 (1953).
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Fi16. 8. An experimental check of the calculated resolution func-
tion. The — — — curve, calculated from the oI value of the 72-
ev level in silver, is the transmission curve that would be observed
with infinite resolution. The solid and — ~ - curves were obtained
by convoluting the above curve with the resolution function calcu-
lated for counter jitters of 3.5 and 4.0 usec, respectively. The ex-
perimental points, obtained with a 6.6 g/cm? sample of metallic
silver, agree well with the transmission curve calculated for a
3.5-psec jitter.

gained by operating the chopper above its present
routine speed of 6000 rpm.

The4-usec jitter in the BF; counters causes an average
delay of 2 usec in the arrival of the detector pulse at the
analyzer. In order to correct for this and other time
delays that might be present in the electronics, a zero
correction has been determined by making transmission
measurements on the 20-kev group of resonances in
titanium.®? The zero correction is about 3 usec in
magnitude; because of aging of the light source and its
associated electronics it can change by about § usec over
long periods of time. The correction can easily be
redetermined at regular intervals by noting the position
of the 2.6-usec/m peak in the open beam intensity, the
energy of this peak having been determined relative to
that of the titanium resonances. The energy of this
group of resonances has been determined by accelerator
measurements to within at least &2 kev, which corre-
sponds to =3 psec for a 20-meter flight path. Since the
position of a resonance can be determined with a pre-
cision of 3 usec and the uncertainties in the length of
the flight path and the frequency of the analyzer
oscillator are each less than 0.1 percent, it is felt that
measurements of flight times can be made with an
accuracy of #=1.2 usec, or +=0.06 usec/m.

IV. ANALYSIS OF RESONANCES

Transmission curves obtained with the fast chopper
exhibit dips corresponding to resonances in the total
cross section of the sample material. Although the
separate cross sections, scattering and absorption, that
constitute the total cross section are not obviously

% Hibdon, Langsdorf, and Holland, Phys. Rev. 85, 595 (1952).
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obtainable from a transmission measurement, we shall
see that most of the information needed to determine
these cross-section components can in principle be ob-
tained from a measurement of the total cross section. As
the relationship between the transmission and the total
cross section is extremely complicated, the latter cannot
easily be obtained and the analysis is carried out directly
on the measured transmission curve. The number of dips
observed in a particular energy range gives the level
density directly, and further analysis enables the de-
termination of some of the parameters of the resonances.

The cross-section resonances are described by the
well-known Breit-Wigner formula, which gives the cross-
section variation with energy for energies in which a
single resonance level predominates. In the present
work it is not necessary to take into account the more
complicated formulas that relate to the effect of
multiple levels. The one-level Breit-Wigner formula for
the cross section as a function of energy, for absorption
and for scattering, has the forms®

Ty

(E— Eo)*+ (T/2)Y

Og= WXogg(Eo/E)A (1)

and
T./2 2
co=4mrhlg|———+—| +4r(1—9)R2, (2)
E—E¢+iT/2 Ko
where
1[1 1 J 3
=—{1+—— |
§ 2 241

In these equations E is the energy of the neutron, 27A,
is the wavelength of a neutron with energy E,, the
energy at resonance, and I',,, I'y, and T" are the neutron,
radiation, and total widths of the level. The g factor is a
function of the spin I of the target nucleus and is
double-valued, corresponding to the two possible spins
of the compound nucleus, I4%. The scattering cross
section is more complicated than the absorption
cross section because of the coherent addition of the
resonance and potential scattering amplitudes, the latter
arising from scattering by a hard sphere of the nuclear
radius, R. The interference effects in the scattering are
useful, however, because in certain cases they aid in
evaluation of the neutron width of the level.

The total cross section o7, which is the sum of the
absorption and scattering cross sections, determines the
change in transmission observed as a resonance dip, the
transmission 7' being given at each energy by the
relationship

T=1I/Iy=exp(—mnor), 4

where I and I, are the counting rates observed with and
without the sample, containing # atoms per cm?. If the
transmission could be measured with infinite resolution,
Eq. (4) would give the cross section as a function of

3 J. M. Blatt and V. F. Weisskopf, Theoretical Nuclear Physics

(John Wiley and Sons, Inc., New York, 1952), pp. 328, 391-4,
and 426.
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energy directly, from which the level parameters I' and
gy (the peak cross section) could be obtained. Even in
this ideal case, however, the separation of the total
width T' into the radiation and neutron widths would
require a subsidiary measurement (of the peak scatter-
ing cross section or the ratio of scattering to total cross
section, for example) because I' and ¢, give only gT',
rather than T, itself. In actual practice, the determina-
tion of level parameters is complicated greatly by the
finite resolution, which broadens the observed resonance
dip, and also by the Doppler effect. Because of the
latter, even those neutrons of a single velocity have a
velocity spread relative to the target nuclei which are in
thermal motion.

The methods of analysis that are used are con-
veniently divided into those appropriate for two energy
regions: a low-energy region of good resolution, where
the individual parameters can be determined separately,
and a higher-energy region where, as a result of poor
resolution, only the combination of parameters oI can
be determined. In the region of good resolution the
actual width and peak height of the resonance can be
measured directly from the cross-section curve, if the
observed transmission can be corrected for the instru-
mental resolution. For an energy somewhat higher than
that for which the true shape can be obtained, the area
of the transmission dip for a thin sample, which gives
ool', can be combined with ooI'? obtained from a thick
sample to calculate I' and o,.

In the high-energy region the resolution width is
much larger than the natural width of the resonance;
hence the shape of the dip in the transmission curve is
determined almost completely by the resolution function

22 10
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F1G. 9. The ratios T'a/T" and oo /a0 as functions of A/T, where oa
and T'a are the peak height and full width at half-maximum of a
Doppler-broadened resonance, oo and I' are the peak height and
full width at half-maximum of the resonance with no Doppler
broadening, and A is the Doppler width. For values of A/T greater
than unity, oa/00 can be evaluated from Eq. (8), and I'a/T can be
obtained approximately from the equation I'a/T'=0.62+1.66A/T'.
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and the sample thickness. In order to obtain an appreci-
able dip in the observed transmission curve under such
conditions, it is necessary for the sample to be so thick
that the true transmission at the peak of the resonance
is nearly zero, even though the measured transmission is
much higher. The area of the transmission dip in this
case gives only the particular combination of parameters
aoI'%, and in the analysis some correction for the Doppler
effect must be made. The specific methods that have
been developed for use in analysis of the chopper data in
these two energy regions will now be described and
exemplified by several actual resonances.

A. Good Resolution Region

For those cases in which it is possible to obtain the
individual parameters of a resonance from transmission
curves two general methods of analysis are employed.
The first of these makes use of the details of the shape of
the observed resonance; the second involves only the
areas above transmission dips for several samples of
varying thicknesses.

In the first method of analysis the observed transmis-
sion curve is corrected for the effects of instrumental
resolution, this correction being small in instances where
the instrumental resolution is less than the width of the
resonance. A formula satisfactory for a small correction
can be obtained easily. The true transmission T rye is
expanded in a power series about the time of flight ¢ for
each point; this power series is convoluted with the
resolution function R(f) to obtain a series for the
observed transmission Z'ops, and this series is then
inverted. For a resolution function that is symmetrical
in time, as is the case with the Brookhaven fast chopper,
the terms involving odd derivatives drop out and the
resulting equation is:

1
T = T (O =T () f 2R (x)dx4 Tons (1)

x[i(‘foR(x)dx)zfi fxqe(x)dx]— L (5)

where SR (x)dx=1. The integrations are to be carried
out over the complete extent of the resolution function;
hence it is necessary that this function not have long
“wings” if the correction is to be small. For those
resonances analyzed by the present method the neces-
sary derivatives were obtained with sufficient accuracy
by numerical or graphical means, and the correction was
sufficiently small that no more terms were needed than
are shown in Eq. (5). The true cross section as a function
of neutron energy or time of flight follows immediately
from the corrected transmission curve by means of
Eq. (4).

In general, the cross-section curve obtained in the
manner just described will not be that predicted by the
Breit-Wigner formula, but will be distorted by the
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thermal motion of the target nuclei. The calculation of
this Doppler broadening of neutron resonances has been
performed by Bethe and Placzek.3% If the (Eo/E)}
factor (i.e., the 1/v factor) and interference effects are
neglected in the single level Breit-Wigner formula, and
if the target nuclei are assumed to have a velocity
distribution characteristic of a free gas, the Doppler-
broadened resonance cross section will be

SICT
ol 5 o

where the Doppler width A is given by
A=2(kTEym/M)%. ©

o=

Here m is the mass of the neutron, M the mass of the
target nucleus, 7" the temperature of the target, and %
the Boltzmann constant. Lamb?® has treated the case of a
Debye solid and has shown that if I' ismuch greater than
k9, where 6 is the Debye temperature, the solid may be
treated as a gas at a temperature somewhat greater than
its actual temperature. This temperature difference
becomes small as the sample temperature becomes much
larger than the Debye temperature. Tables and curves
of the Doppler-broadened cross section, o/, are given
by Born,*” who also gives series for calculating this func-
tion and references to other mathematical treatments.
In his notation o/0¢ is ¢ (2,n), where x= (E— E,) /5T and
n=A/3T.

For the method of resonance analysis under con-
sideration, in which the shape of the transmission dip is
important, two features of the Doppler-broadened cross
section are considered: its peak value o and its full
width at half maximum, I'a. The first is easily evaluated
analytically from Eq. (8),

0A=ao(§) exp[z(g)z]LSA exp[ —u¥]du. (8)

The width is obtained from tables of the function ¢ (x,7)
in the reference by Born®” and from calculations per-
formed by the authors to extend the range beyond that
of the tables. In Fig. 9 are given curves of oa/0y and
T's/T as functions of A/T.

In practice, values of I's and o4 are obtained from the
observed transmission after correction for instrumental
resolution in the manner already described. The true
parameters, I' and o, can then be computed by suc-
cessive approximations using the information from
Fig. 9. No attempt is made to obtain ¢ and T by a

3 H. A. Bethe and G. Placzek, Phys. Rev. 51, 450 (1937).

35 H. A. Bethe, Revs. Modern Phys. 9, 69 (1937), see p. 140.
36 W. E. Lamb, Jr., Phys. Rev. 55, 190 (1939).

¥ M. Born, Optik (Julius Springer, Berlin, 1933), p. 482.
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detailed fit of ¥(x,m) to the experimental cross-section
curve throughout the entire resonance, as it is felt that
the extra labor involved in such an analysis is not
warranted by the possible increase in accuracy. Before
describing the application of the present ‘shape”
method to a specific resonance, the “area” method will
be considered, after which measurement of the 5.2-ev
resonance in Ag'® by both methods will be described.

The shape method of analysis just discussed requires
accurate knowledge of the instrumental resolution func-
tion and sufficiently good resolution to observe the
details of the resonance shape. In contrast, the method
based on the areas above transmission dips is inde-
pendent of any knowledge of the resolution function and
requires only good enough resolution to be able to make
statistically significant measurements on a thin sample,
one for which nos 1. As a result the area method can be
used at somewhat higher energy than the shape method.
The accuracy attainable with it, however, is reduced by
the fact that only combinations of parameters are
obtained.

The area method has been discussed extensively by
Melkonian, Havens, and Rainwater.® In essence, if the
incident neutron intensity changes slowly over the
width of the resolution function R, the area “above” a
transmission dip (between the transmission curve and
unity) is given by

A=fw(1—T)dE
- " an ) 1 e R(E— B)IE. )

If T/2E¢K1, the lower limits can be replaced by —
and the order of integration interchanged, so that

A= f [1—e o= ]dE f R(E'—E)dE, (10)

and, since

f R(E'—E)dE=1,

—0

A= f [1—en®TIE, (11)

which is independent of instrumental resolution.

If the (Ey/E)* factor and the Doppler broadening can
be neglected in the single-level Breit-Wigner formula,
then the integral for the area can be evaluated in terms
of Bessel functions of imaginary argument,®®

A=3mnaol [exp(—3noo) LLo(3n00)+11(3n00) ] (12)

For a non-negligible Doppler broadening, the integral
must be evaluated by series expansion or numerical

38 R. Ladenburg and F. Reiche, Ann. Physik 42, 181 (1913).
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F16. 10. The ratio A /#*T" as a function of no, for various values
of A/T', where 4 is the area “above” a transmission dip and # is the
sample thickness in atoms/cm?. For ngoK1 the slopes of these
curves approach unity; for #oo>>1 the slopes approach 3.

integration. This calculation has been carried out for a
wide range of parameters by von Dardel and Persson,*
and by Melkonian et al.% These authors assume a single-
level Breit-Wigner formula, neglecting the (&, E)?
factor and the interference of resonance with potential
scattering. Graphs of A/#'' as a function of noy for
various values of A/T are shown in Fig. 10. The increase
in the area of a transmission dip with increasing temper-
ature (i.e., with increasing A) results from the decrease
in the effect of “‘self-protection” that is associated with
all but extremely thin samples. Thus the increased
temperature makes a sample effectively thinner by
reducing the peak height of the resonance; for an ex-
tremely thick sample, however, the reduction has little
effect.

In the area method, preliminary estimates of oo and T’
are obtained from values in the literature, or from a
rough preliminary measurement. These values are then
used to select sample thicknesses such that noa <1 for
one sample, and 7042 10 for the other, and transmission
curves are measured. The analysis to be described is
then performed approximately (and none of the correc-
tions discussed are made) in order to obtain rough
values of ¢l and gI',,/T', which are needed in making the
corrections necessary in the complete analysis.

The experimental transmission curves for the sample
thicknesses described do not reach unit transmission
away from the resonance. This fact arises from potential
scattering, which is present away from the resonance, or
at times simply from instrumental changes in the
absolute magnitude of the open beam and sample
counting rates. These nonresonance effects are elimi-
nated by multiplying each transmission curve by an
appropriate constant to make the transmission approach
unity far from the resonance. For a thin sample this
constant is easily determined by examination of the
wings of the experimental transmission curve. However,
for a thick sample this process may be more difficult

# G. von Dardel and R. Persson, Nature 170, 1117 (1952).
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since, owing to the presence of other resonances, it may
not be possible to make measurements sufficiently far
away from the resonance for the transmission to be
unity.

The resonance shape may also be distorted if there is
more than a few percent scattering present in the
resonance because of the interference between resonance
and potential scattering. In this case, the procedure
adopted for normalizing the transmission is to calculate
the expected shape of the wings including interference
effects, far enough away from the resonance so that
effects of Doppler broadening and instrumental resolu-
tion can be neglected. In this region the cross section is
given by

ool

Eo\}
07— Opot = (E) ———4 (E— Eo)2
[‘Tpot (O"Orz) (gI' n/P)]%
E—E,

, (13)

where the first term on the right-hand side arises from
the resonance and the other term from the resonance-
potential scattering interference. The potential cross
section as it appears in the interference term is obtained
with sufficient accuracy from published values;* the
other parameters needed are just those that have
already been estimated. The necessary normalizing
factor is then obtained by comparing the experimental
transmission curve with the calculated curve.

After the transmission curve has thus been normalized
to eliminate nonresonance effects, the area above the
curve between energies Ey— E; and Ey+E; is measured.
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Fic. 11. The normalized transmission as a function of neutron
time of flight for the 5.2-ev level in silver, obtained with a thin
sample for which 1/72=72 200X 10724 cm?/atom for Ag'®. The solid
curve, which is used in the “area’ analysis, is drawn through the
experimental points; additional data outside of the region shown in
the figure verify the fact that the curve approaches unit transmis-
sion far from resonance. The vertical lines at approximately 30 and
33 psec/m indicate the points beyond which the area is calculated
rather than measured. The broken curve, which is used in the
“shape” analysis, is obtained by correcting the solid curve for
instrumental resolution by means of Eq. (5) and the 5.2-ev
resolution function of Fig. 7. All errors are given as standard
deviations.

9 Neutron Cross Sections, U. S. Atomic Energy Commission
Report AECU-2040 (Office of Technical Services, Department of
Commerce, Washington, D. C., 1952).
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The energy E, is selected such that it is much greater
than T', A, and the instrumental resolution, but much
less than Ey, and'the transmission at Ey— E; and Ey+E;
is greater than 0.9. The area measurement is not con-
tinued to higher transmissions because the statistical
accuracy of 1—7" becomes very poor and the effects of
other nearby resonances may be important. The neg-
lected area in the wings can be calculated far better
from the preliminary ooI'? value than it can be measured.
Under the conditions set for E;, the area neglected is
given by:

Area neglected =7ng,['2/2E;, (14)
with half of this area lying on each side of the resonance.
This calculated correction is added to the measured area
to give the total area above the transmission curve. A
second reason for cutting off the area measurement as
discussed above is worthy of mention. The (E,/E)}
factor and the interference effects have been neglected
in the calculation of the Doppler-corrected area curves
(Fig. 10), although both these effects are present in the
experimental transmission curve. However, for an area
measured in an energy interval symmetrical about E,,
with E; small compared to Ey, the contributions to the
measured area of the neglected factors cancel to a first
approximation if the sample studied is not very thick.

When the area above the transmission curve has been
obtained for a given sample, a curve of oy as a function
of T' can then be plotted for that sample. This is done by
assuming values of A/T (and therefore T', since A can be
calculated) and reading #0, from the appropriate curve
of Fig. 10. If the points are plotted on log-log paper with
oo as the ordinate and T" as the abscissa, a slope of minus
one is obtained for a thin sample (¢oI'=const.), while a
slope of minus two corresponds to a thick sample
(coI2=const.). For curves obtained from samples of
different thicknesses and plotted on the same graph, the
point of intersection gives the value of oo and of T for the
particular resonance. Should these parameters indicate
values of ool and gI',/T substantially different from
those assumed in calculating the corrections to the
areas, the analysis can be repeated once more with the
new values of the parameters in the corrections. Because
of the smallness of the corrections, a single repetition is
usually sufficient.

As a test of the ‘“shape” and ‘“area” methods of
analysis, a careful study was made of the 5.2-ev level in
Ag'®, This resonance has been studied most recently by
Selove,’® who used methods and sample thicknesses
chosen to avoid the corrections resulting from Doppler
broadening. Although the resolution of the Brookhaven
chopper is such that the direct shape method can be
used on this level to give accurate results, the area
method was also applied as a test of the accuracy of the
area method.

The transmission curve shown in Fig. 11, which is
used for the shape method, was obtained with a silver
foil 0.0002 in. thick, for which 1/#=72200X10~*
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TasLE II. The parameters of the 5.22-ev resonance in Agl®.

‘“‘Shape’’ “Area” “‘Best” Selove’s

analysis analysis values resultss
Eo (ev) 5.2240.04 5.22+£0.04 5.174+0.08
a0 (b) 269001100 3100043000 27 3001000 25 00043000
T (ev) 0.17740.014 0.15740.009 0.168 4-0.008 0.1740.02
T» (mv 12.240.5 1142
aol' (ev b) 47504400 48004200 4600 4-200 43004400
aol'2 (ev2 b) 840140 75525 775425 75060

a See reference 15,
b1 mv=1073ev.

cm?/atom for Ag'®. The solid curve is drawn through the
experimental points, and the broken curve is obtained
by correcting for instrumental resolution, by means of
Eq. (5) and the 5.2-ev resolution function from Fig. 7.3
The correction to the quantity (1—7) is about 5
percent at the minimum of the dip, and is primarily due
to the second derivative term; the fourth derivative
term is important only in the region where the second
derivative is zero. From the corrected curve the trans-
mission at the peak of the resonance is found to be
0.7394-0.007. The factors that enter into this error are
the statistical accuracy of the experimental curve
(=0.005), the statistical accuracy of the normalization
of the wings (£0.003), and an estimate of the accuracy
of the correction for instrumental resolution (40.004).
(All errors are given as standard deviations.) The ex-
perimental peak cross section o4 is 21 8004700 b, while
the full width at half-maximum cross section is 14.4-40.7
usec, or in energy units, I'x=0.2394-0.011 ev. Most of
the error in the width arises from the uncertainty in the
location of the halfway point; the remainder arises from
the uncertainty in the shape of the curve in that region.

For silver at room temperature (295°K) Lamb’s
calculations indicate an effective temperature only 2.6
percent higher than the actual temperature. . This
effective temperature gives a value of A of 0.071 ev at
the resonance energy of 5.2 ev. Correction of the ob-
served width for this Doppler broadening gives a true
width T of 0.177420.014 ev. The main contribution' to
the uncertainty in T is the error in T's; the effect of a 5
percent uncertainty in A would be negligible. The ratio
A/T is then 0.40+0.03, 0a/0¢ is 0.814-0.02, and oy is
therefore 26 90021100 b. These experimental results,
summarized in the first column of Table II, are in good
agreement with Selove's results, which are shown in the
fourth column of this table.

For the analysis of this resonance by the area method,
the transmission curve already given in Fig. 11 is used
for the thin sample measurement. It should be noted
that for E;<<E, the area above the transmission dip may
be evaluated on a plot of transmission against time of
flight, since the substitution dE= (2Eo/{o)d: is then
valid. The area can be measured with sufficient accuracy
by the use of a planimeter. For the curve of Fig. 11 the
area is evaluated between (f,—19) usec and (t+21)
usec, which represents an energy interval E;=0.33 ev.
The area obtained is 0.080+:0.003 ev; the error results
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from the statistical accuracy of the experimental curve
(£=0.002 ev) and of the normalization (#=0.002 ev). The
correction for the area in the wings is 0.0162-0.001 ev,
which is based on the final value for ooI'2. The error in
the wing correction includes an estimate of the uncer-
tainty introduced through neglecting the effects of
Doppler broadening and instrumental resolution in the
calculation of this correction, as well as a 4 percent
uncertainty in ooI'2. The total area is therefore 0.096
=+0.003 ev, the wing correction contributing 16 percent.

In Fig. 12 is shown the transmission curve for the
thick sample used in the area analysis. This sample is
approximately 30 times thicker than the thin sample,
having a 1/72=2110X10"2* cm?/atom. In this case the
value of E; chosen, 1.6 ev, is not small compared to E,,
and it is necessary to evaluate the area on a plot of
transmission vs neutron energy. The area obtained is
0.9494-0.017 ev; 0.012 ev of the error is due to the
statistical accuracy of the curve and 0.010 ev to a 0.3
percent uncertainty in the normalization. The correction
for the area in the wings is 0.11340.007 ev, its error
arising from the same uncertainties as in the thin-
sample case. The total area is therefore 1.0640.02 ev,
the wing correction being 11 percent.

Curves of g9 as a function of I'; with a A of 0.071 ev,
are given in Fig. 13 for the thick and thin samples just
discussed. The broken lines, which represent the un-
certainty caused by the errors in the areas, indicate the
error in oo for a given value of I'. The intersection of the
two solid lines gives the parameters of the resonance as
50=30800 b and I'=0.157 ev. Although the order of
magnitude of the errors in these quantities can be
estimated from the broken lines, a better estimate can
be obtained by realizing that the thick and thin sample
areas are really measurements of o(I'?, where p is nearly
2 for the thick sample, and nearly 1 for the thin sample.
The values of p, obtained in Fig. 13 from the slopes of
the curves at their point of intersection, are 1.91 and
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F16. 12. The normalized transmission as a function of neutron
energy for the 5.2-ev level in silver, obtained with a thick sample
for which 1/2=2110X10"2 cm2/atom for Ag!®. The vertical lines
at approximately 3.5 and 7 ev indicate the energies beyond which
the area is calculated rather than measured. The curve is nor-
malized by means of Eq. (13) because the effects of the interference
term and (E,/E)} factor are appreciable in the wings. The sta-
tistical errors are smaller than the points except in the regions
where they are indicated.
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F16. 13. A plot of o9 as a function of I for the area analysis of the
5.2-ev level in Ag!®. “Thin” and “‘thick” refer to samples for which
1/n=72200X107* and 2110X 107 cm?/atom, respectively, for
Ag'®. The broken lines indicate the error in ¢ for a given value of
T. The ;ntersection of the two solid lines gives ao=30 800 b and
I'=0.157 ev.

1.06. The quantities which are measured in this example
are therefore oo[''=8924-27 and o([''%=4310+170,
where o9 is in barns and T' is in ev. From these numbers
the uncertainties in oo and T" are found to be £3000 b
and =+0.009 ev, respectively.

The results of the area measurements are summarized
in the second column of Table II. The third column of
this table gives ‘“best” values of the parameters of the
5.2-ev level in Ag!'® obtained by a least-squares fit to the
quantities in the first and second columns which were
actually measured, that is, oo and T for the shape analy-
sis, and oI % and oo for the area analysis. From the
table it can be seen that the two methods of analysis
give results that agree well with each other, and with
those of Selove, which are shown in the fourth column.
Earlier measurements of the parameters of this reso-
nance, quoted by Selove, agree with Table II but are less
accurate. Since Ag!® has a spin I =1, the two choices for
the angular momentum of the resonance are J=0 or 1.
The expected values of T',/T' for these possibilities,
calculated from the “best” values of oo and E,, are
0.224-0.01 or 0.073+0.003 for J=0 or 1, respectively.
Experimentally, values of T',,/T" are 0.04 as measured by
Harris ef al.,* and 0.11 as measured by Sheer et al.*? The
correct choice seems to be J=1, which gives a value for
I'» of 12.24-0.5 mv.

In those cases where corrections for instrumental
resolution are small and either the shape or area methods
are applicable, the relative accuracy of the two methods
is of interest. The area method requires the measure-
ment of a thick sample in addition to the thin sample
that is required in both methods, but this fact is not a
great disadvantage; the additional time required is

4 Harris, Muehlhause, and Thomas, Phys. Rev. 79, 11 (1950).

4 Sheer, Moore and Hemdl Phys. Rev. 91, 449 (1953) U. S.
Atomic Energy Commission Report CU-116, 1952 (unpubhshed)
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relatively short since it is much easier to obtain the
desired percentage accuracy in area for the thick sample
than for the thin sample. As far as the amount of time
involved in the analysis is concerned, it is not signifi-
cantly different for the two methods. With the factors
just described taken into account, the following con-
clusions can be drawn from the analysis of the 5.2-ev Ag
resonance:

1. The two methods seem to give equally good values
of T.

2. If the corrections for instrumental resolution are
relatively small, and if A/T'$1 so that oa/o0 is not
very sensitive to errors in A/T, then the analysis of
the resonance shape gives a more accurate value
Of gyg.

3. The quantities gI', and o,I'2, which are measures of
the area above transmission dips in the limiting
cases of thin and thick samples, are best measured
by the area method in most cases.

For this example the choice of method of analysis there-
fore depends on whether the parameters desired are
characteristics of the shape of the resonance (o9 and T'),
or of the area above the transmission dips (ooI' and
ool?). More generally, the choice would depend upon the
energy region, which determines the extent of the
distortion of the resonance shape by resolution and
Doppler broadening.

B. Poor Resolution Region

At energies where the resolution width is much larger
than T, the observed transmission curve at a resonance
is determined more by the shape of the resolution func-
tion and the sample thickness than by the resonance
itself. The “shape” method of analysis just described for
determination of the level parameters is thus not appli-
cable because of the large corrections that would be
necessary to obtain the true shape of the resonance. It
also becomes difficult to make the thin-sample trans-
mission measurement necessary for the “area” method
because any sample that gives a transmission signifi-
cantly less than unity (as seen with the actual resolu-
tion) is in reality a thick sample. As a result of these
experimental conditions, the parameters oo and I' cannot
be determined separately in practice, and only the
combination ooI'?, where p is very nearly 2, is readily
obtainable. This quantity results from a thick sample
measurement because the cross section in the wings of
the resonance, which is proportional to ¢,I'?, determines
the measured transmission for a thick sample. The
actual transmission near the center of the resonance is
practically zero; hence its precise value has little effect
on the measured transmission.

Corresponding to the decreased information available,
there is some simplification in the method of analysis
applied to the measured transmission curves, in com-
parison to the procedure for the good resolution region
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already described. For example, the wing correction to
the area becomes less important, because at high energy
the resolution function is much wider than the reso-
nances, whose widths increase only slowly with energy
compared to the rapid increase of the resolution width.
For predominantly capture resonances the observed
transmission rises rapidly to that corresponding to po-
tential scattering, and for the resolution shown in
Fig. 7 the wing correction may be neglected for reso-
nances in heavy elements (42> 100) above about 30 ev.
It is, however, still necessary to make corrections for
the effects of Doppler broadening and sample thickness
in the calculation of oI from the area above the
transmission dip for a thick sample. Figure 10, which
gives these corrections, can be easily transformed to a
form more useful for work with thick samples. The
results of this transformation are families of curves
giving a correction factor y as a function of the measured
area 4 in ev, for various values of I' and the Doppler
broadening A [Eq. (7)]. The correction factor y is
defined as
y= (00 measured/ ool ?, (15)
where

(0.01‘2) measured = A2/7l7r.

Sets of the correction curves are shown in Figs. 14, 15,
and 16 for I'=0.05 ev, 0.10 ev, and 0.20 ev, respectively,
which cover the range usually encountered in this
parameter. The correction unfortunately depends on T,
the unknown width of the resonance, but the sample
thickness can usually be chosen to make this dependence
rather small.

The curves of Figs. 14-16 are convenient for use in
measurement of ooI'%, because they give the magnitude
of the Doppler and sample thickness correction much

N\
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_ F16. 14. The correction factor y defined by Eq. (15), as a func-
tion of the area above a transmission dip for total width I'=0.05 ev
and various values of the Doppler width A.
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Fic. 15. The correction factor y defined by Eq. (15), as a

function of the area above a transmission dip for total width

I'=0.10 ev, and various values of the Doppler width A. For large areas (thick samples) and A ZT the correction is small and

relatively insensitive to A.

This family of curves can be used for values of I" other than 0.10 ev. For a new set of quantities, I, 4/, and A’, the value of

y is found on the curve for A=A’/10I" at 4 =A4'/101". For
A=1.17/10(0.13)=0.9, A=0.26/10(0.13)=0.2, and from the

more directly than do the curves of Fig. 10. In addition
they make it possible to estimate readily the error in the
correction resulting from uncertainty in the chosen A,
and thus they aid in choice of a sample thickness to
lessen the correction. Plots of y as a function of 4 for
various values of T, for a given A (an example of which
is shown in Fig. 17) can be used to estimate the error in
the correction resulting from the uncertainty in I'. As
can be seen from Fig. 17, the correction to the measured
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F16. 16. The correction factor y as a function of the area above
a transmission dip for total width T'=0.20 ev and various values of
the Doppler width A.

example, if IV=0.13 ev, 4’=1.17 ev, and A’=0.26 ev, then
figure, y=1.60.

ool can be obtained with good accuracy for samples of
appropriate thicknesses, in spite of the uncertainty in T'.
Fortunately, measurementsin-the good resolution region
indicate that values of I', do not vary greatly from
resonance to resonance in a single isotope nor from
isotope to isotope.”® As a result, the correction y may be
made with confidence.

The procedure for determining oI by the area
method is one that can be applied to many resonances in
a routine manner.. The area of a resonance dip, measured
as already described, is first used to calculate oo neasured
from Eq. (16). For the assumed I' and a A, calculated
from Eq. (7), the correction factor is obtained from
Figs. 14, 15, or 16, by interpolation if necessary. The
true value of o¢oI? is then obtained by dividing
(00I"®) measurea by the correction factor y. Should this
correction be large, the measurement is usually repeated
with a thicker sample in order to make y closer to unity.
Figure 17 shows that for a larger area, i.e., a thicker
sample for a given resonance, there is a smaller correc-
tion, and one that is less sensitive to errors in T'. It
should be noted that with a very thick sample the wing
corrections may become appreciable; thus some com-
promise must be made in sample thickness. The sample
should be sufficiently thick for a given resonance to
make the correction factor close to unity and insensitive

4D, J. Hughes and J. A. Harvey, Nature 173, 942 (1954).
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to changes of T', and at the same time not so thick that
the wing correction becomes large.

The quantity ooI'%, obtained by the procedure just
described, is not of much interest as such, but it is
useful to combine it with an assumed I',, and hence
obtain gT',. As we shall see later the fluctuations in gI',
are extremely large compared to the relative constancy
of measured values of T',; hence, assumption of I', does
not involve a serious error. The estimate of the neutron
width is made by means of the relation,

G’or2= 41r7\02g (I‘nI‘A,—i—I’nZ) 5
Lo=3[(Ty+ool?/mAeg) T ].

For most of the resonances investigated scattering is
much less than capture, in which case Eq. (18) reduces
to

1
(18)

thus

aol?

—_— (19)
41r7\02gI‘ ¥

The statistical weight g of the resonance is known only
in relatively few cases. As can be seen from Eq. (3), if I
is zero, g=1, and g approaches 3 for large I. For pur-
poses of estimating I',, g is taken to be unity for target
nuclei of spin zero, and % for all other cases. The
maximum error introduced by this assumption is for
I=1%, for which the calculated value of T', may be in
error by as much as a factor of two. The T', obtained
from Eq. (19) seems to depend linearly on the reciprocal
of the assumed T, but the dependence is actually
weaker, being linear only for an infinitely thick sample.
This result follows from the fact that the assumed T',
is also used in the evaluation of the correction factor vy
to obtain ooI'?, and the dependence of I', on T, is
partially canceled. In comparing neutron widths for
resonances at different energies, it is useful to eliminate
the proportionality of T, to E¢* by calculating the
reduced neutron width

I,0=T,(¢/Eo)l. (20)
For convenience, e is taken as 1 ev.

An example of the analysis used in the poor resolution
region is furnished by the 31-ev resonance in Ag'®. In
Fig. 18 the transmission is plotted as a function of time
of flight for a 6.6 g/cm? sample of silver of normal
isotopic composition. The transmission far from the
resonance, which is reasonably flat at a value of 0.785
=+0.005, is taken as the transmission representing the
potential scattering; this transmission corresponds to a
cross section of 6 barns. The area of the dip below the
potential scattering is measured as 5.92£0.5 usec, which,
when normalized to unity transmission to remove the
contribution of the potential scattering, becomes 7.6
+0.7 usec, or 1.840.2 ev in energy units. The “meas-
ured,” or uncorrected, ooI'? resulting from this area, by
Eq. (16), is 6012 ev? b. The Doppler width A is 0.17
ev, calculated as before.
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F16. 17. The correction factor y as a function of the area above a
transmission dip for A=0.10 ev and various values of I'. Plots of
this type are useful for estimating the error in the correction fatcor
that results from an uncertainty in T'.

In order to calculate the correction factor y, it is
necessary to assume a value for I'. Fortunately the
correction factor is not in general very sensitive to the
assumed value of T' if the sample is sufficiently thick.
For the present example I' is taken to be 0.13 ev, a value
based on the average of directly measured I',’s in the
good resolution region,”® and on the assumption that
I'=T,. From the curves of Figs. 14-16, v is found to be
1.09 and the true ooI'? becomes 55210 ev? b. To indicate
the sensitivity of this result to the assumed T, calcula-
tions are also made for I'=0.05 ev and 0.2 ev. These
results, summarized in Table III, indicate that in this
example y is indeed insensitive to the choice of T'. On the
assumption that I'=T,=0.13 ev, and the approxima-
tion that g=% (I=13 for Ag'®), Egs. (19) and (20) give
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Fic. 18. A plot of transmission as a function of neutron time of
flight for a 6.6 g/cm? sample of normal silver. The area obtained
from this curve is used in the example of Sec. IV B to calculate
aol'? for the 31-ev resonance in Ag'®. The data are not normalized;
the broken line indicates the transmission for potential scattering.
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a value of 9 mv for I', and 1.7 mv for I',°. This result
confirms the assumption that scattering is much less
than capture for this resonance.

The principal sources of error in the determination of
ool? are the statistical error in the measurement of the
area, the error introduced by neglecting the area in the
wings, and the error in the area caused by the difficulty
in determining the value of the transmission corre-
sponding to potential scattering. The error in the
measurement of the area caused by the statistics of the
experimental points for the resonance under considera-
tion is about 3 percent. Since the area measurement was
stopped about 5 ev away from the resonance, the error
in neglecting the area in the wings [Eq. (14)] amounts
toabout 5 percent of the measured area. The uncertainty
in the location of the transmission for potential scat-
tering results in an error in the area of about 4 percent.
The combination of these uncertainties produces an
error of about 10 percent in the measured area. Since
ool is proportional to the square of the area, the error in
the determination of ¢oI'? caused by uncertainties in the
area measurement is about =20 percent. As was shown,
variation of the assumed T' by a factor of two changes
ool'2 by an amount small compared to this 20 percent.
Also any uncertainty in the measurement of sample
thickness is usually small compared to other errors.

The 31-ev resonance in silver is sufficiently well
separated from its neighbors with the present resolution
that they do not give rise to any uncertainties in the
analysis. At somewhat higher energies, the rapidly
increasing spread of the resolution function makes it
difficult to locate a transmission between resonances
that corresponds to potential scattering, and at still
higher energies it is difficult even to distinguish the
individual resonances. This increasing difficulty in
analysis will be exemplified for silver and other elements
in Sec. V.

For many of the resonances analyzed in Sec. V the
assumption that I',>>T', is not valid. A value of T' is
obtained for these levels by assuming I'y and adding to
it a T', obtained from Eq. (18). An iteration process is
required to obtain a consistent set of numbers. For
several levels it is not feasible to use samples sufficiently
thick that the final value of ooI'? is insensitive to the
assumed T',. In such cases the estimated error in oI
includes an uncertainty in y produced by a 20 percent
uncertainty in the assumed I',.

V. RESULTS

An extensive program of energy level study is now
under way which makes use of the methods of analysis

TasBLE III. The dependence of the final value of oI for the 31-ev
resonance in Ag!® on the assumed I' used in the calculation.

T 0.05 ev 0.13 ev 0.20 ev
9y 1.13 1.09 1.05
aol? 53 ev?hb 55ev?b 57ev?h
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described in the previous section. In this work the
identification of energy levels with individual isotopes
usually necessitates the use of separated isotopes, and in
this respect the small sample size of the fast chopper is a
great advantage. Total cross sections alone have been
measured; the only uncertainty in the determination of
parameters that results from this procedure is the
uncertainty in g; and at the present stage of neutron
spectroscopy this is not significant. The main advantage
of additional measurements of scattering or absorption,
which would give g, would be in the resulting knowledge
of the level spin J.

The general program consists of measurement of
individual level parameters at low energy, where good
resolution makes such determinations possible, together
with measurement of oI alone for resonances in the
poor resolution region. This latter quantity is used to
obtain values of I',, on the assumption that the varia-
tion of I', from resonance to resonance is so much less
than that of I', that values of T', obtained from low
energy resonances may be used in the analysis. The
results of the measurements to date show that this as-
sumption is justified and that the values of T', thus
obtained are reasonably accurate. When higher resolu-
tion is available with the fast chopper, individual
parameters can be measured for additional resonances
and the wvalidity of the assumption concerning T,
investigated in more detail. The results for several
elements will be considered at present and the findings
concerning level densities and widths discussed briefly.
Additional measurements with the fast chopper, not
included in this report, have been presented recently .48

A. Manganese and Cobalt

When the fast chopper was first put into operation,
some measurements were made on medium weight
nuclei with well-separated resonances to test its per-
formance. Manganese and cobalt were suitable for this
purpose since their level spacings were sufficiently great
that the first few resonances should not overlap and
furthermore both had been investigated with other
velocity selectors. The fact that the resonances in both
these elements are almost completely scattering® also
simplified the analysis greatly.

A previously unknown resonance, shown in the cross-
section curve of Fig. 19, was found in Mn®% at 1120260
ev. This level had not been observed before because of
the very poor resolution available in this energy region
which lies between those that were covered by the
time-of-flight® and Van de Graaff® measurements, also

4 Hughes, Kato, and Levin, Phys. Rev. 92, 1094 (1953).

45 Kato, Hughes, and Levin, Phys. Rev. 93, 931 (1954).

4 J. S. Levin and D. J. Hughes, Bull. Am. Phys. Soc. 29, No. 4,
57 (1954).

47 R, S. Carter and J. A. Harvey, Bull. Am. Phys. Soc. 29, No. 4,
57 (1954).

48 Pilcher, Carter, and Stolovy, Bull. Am. Phys. Soc. 29, No. 4,
57 (1954).

9 Rainwater, Havens, Wu, and Dunning, Phys. Rev. 71, 65
(1947).
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Fi1c. 19. The total cross section of Mn?® as a function of neutron
energy. A 0.46 g/cm? sample of manganese was used to make the
measurements above 150 ev. A previously unknown resonance was
found at 1120 ev; this level lies between the energy region well
covered by the earlier time-of-flight measurements (see reference
49) (light solid line) and that well covered by Van de Graaff
measurements (see reference 32) (broken line). The fast chopper
measurements bridge this gap, and below 4 kev provide better reso-
lution than is available with present-day Van de Graaff measure-
ments. The peak heights shown in this figure are not the true peak
heights of the resonances, but are distorted by the instrumental
resolution ; higher values would be observed with a thinner sample.

shown in Fig. 19. This example illustrates the value of
the fast chopper in bridging the gap that formerly
existed between these two types of measurements. The
presence of this resonance has since been confirmed by
measurements with other time-of-flight instruments.®-5!
Parameters were determined for the level at 346411
ev by fitting the shape of the cross-section curve between
150 ev and 250 ev with a single-level Breit-Wigner
formula that included interference between resonance
and potential scattering; the thickness of the Mn metal
sample was 2.4 g/cm? In this energy region the cross
section is dominated by the 346-ev level and the effects
of instrumental resolution are negligible. The analysis
yielded ooI?= (3.040.6)X10% ev®> b, and since the
resonance is almost completely scattering, it follows that
2T,=2042 ev. The spin of Mn5% is 5/2; therefore
I',=3143 ev or 263 ev for J=2 or 3, in agreement
with the work of Harris ef al.52 They selected J=3 as the
correct value of the spin of the compound state. If most
of the 13-barn thermal cross section is associated with
the 346-ev level, then this measurement gives a value of
0.5240.1 ev for the radiation width of the resonance.
Measurements were made on the 13442 ev resonance
in Co® in order to determine o9 and T' by the “area”
method and to see if J could thus be determined for
this level. Although Doppler broadening is negligible

% T,. M. Bollinger (private communication).
5 Albert, Yeater, and Gaerttner (private communication).
52 Harris, Hibdon, and Muehlhause, Phys. Rev. 80, 1014 (1950).
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F16. 20. The normalized transmission as a function of neutron
energy for thin (1/#=22200X102¢ cm?/atom) and thick (1/z
=2230X107* cm?/atom) samples of Co®. These measurements
were used in the area analysis of Sec. V A to obtain parameters of
the 134-ev resonance.

(A/T'=0.1), a resolution 0of 0.18 usec/m was not adequate
for use of the “shape” method of analysis because this
resolution width was almost twice the width of the
resonance. Normalized transmission curves are shown in
Fig. 20. The areas above the transmission dips, including
a correction for the area in the wings, were 3.224-0.16 ev
and 17.920.5 ev for samples with 1/2=22 200X 10~
and 2230X10~* cm?/atom, respectively. The samples
used were solutions of CoSOy in heavy water. Neither
sample was so thick that the interference between
resonance and potential scattering would introduce any
appreciable error in the analysis. Parameters for this
level, obtained from these areas, are go= 97001800 b,
I'=5.240.7 ev, ooI'=5100043000 ev b, and o,I?
=260 00016 000 ev? b. The value of ¢oI*? agrees with
previously published values.” Reference 24 also includes
references to earlier measurements on cobalt.

As the spin of Co® is known to be 7/2 and as the level
is primarily scattering (T',/T" about 0.95),2 the two
possible values of o are 8200 b for J=3, or 10 600 b for
J=4. Unfortunately the value of o9 here obtained is not
sufficiently accurate to chose between these two values
and permit an assignment of J for the level. Earlier
measurements on this resonance had been made by
Seidl.® This experiment consisted of measuring the
transmission of a thin cobalt foil as a function of the
thickness of a boron absorber placed in the neutron
beam, by using a detector that was selectively sensitive
to neutrons scattered by the cobalt resonance. The
results of the experiment were consistent with either
I'=2.04:0.1 ev and J=4 or I'=5.04-0.5 ev and J=3,

% F. G. P. Seidl, Phys. Rev. 75, 1508 (1949),
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These values, when considered with the present meas-
urements, indicate that J=3 is the best choice for the
spin of the compound state of this resonance.

B. Silver

Practically all the fast chopper work has been devoted
to the resonances in the first few hundred volts for
isotopes of atomic weight greater than 100. Under these
conditions the high resolving power of the fast chopper
is of great value in analyzing the close resonances that
occur and the results have a direct application to the
theories of the structure of heavy nuclei.

Transmission measurements of samples of normal
silver metal, 99.9 percent pure, were made in the energy
region from 5 to 200 ev. Some of these measurements
and their analysis have already been presented as
examples in Secs. IV A and IV B. The total cross section
as a function of energy, calculated from these measure-
ments by means of Eq. (4) with no correction made for
instrumental resolution and Doppler broadening, is
shown in Fig. 21. The cross-section curve thus obtained
is of course only a qualitative description of the true
cross section, for as has been seen the resonances are
distorted by instrumental resolution and Doppler
broadening. Measurements on silver by other experi-
menters are given in references 15 and 24.

Transmission measurements were also made with
electromagnetically enriched samples of silver isotopes,
obtained from the Isotopes Division at Oak Ridge
National Laboratory. Transmission curves for these
separated isotopes, as well as for normal silver, are
shown in Fig. 22. The high isotopic purity of these
samples (> 96 percent of the isotope of interest) made it
a simple procedure to assign all the resonances below
100 ev. The resonance observed in normal silver at about
41.5 ev was found to be two levels, one in Ag'® at 40.8
ev, and the other in Ag!%” at 42.4 ev. The two resonances
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Fic. 21. The total cross section of Ag as a function of neutron
energy. The 42-ev “level” is composed of two resonances, one in
each isotope. Above 100 ev individual levels were not resolved.
Observed cross sections near resonance are not the true values, but
are lowered by the effects of instrumental resolution and Doppler
broadening.

PALEVSKY, LEVIN, KATO, AND SJOSTRAND

between 50 and 60 ev were also completely separated.
The isotopic assignments are shown in the second
column of Table IV. The resonances above 100 ev are
probably not resolved with the present instrumental
resolution and no isotopic assignments are made.
Values of ooI?, calculated as in the discussion of
Sec. IV B, are shown in column 7 of Table IV. In the
corrections for Doppler broadening and sample thick-
ness, I', was assumed to be 0.13 ev, an average value of
experimentally determined radiation widths in the re-
gion of atomic weight 110.% Areas were obtained from
the measured transmission curves for normal silver
except in those cases where the levels were adequately
resolved only by the use of separated isotopes. The
areas that were measured with separated isotope samples
were not used for all the levels because in general these
samples were not thick and the corrections were there-
fore rather large. The last two columns of Table IV give
values of 2gT", and 2¢T",.%, calculated from Egs. (19) and
(20) by assuming I'y=0.13 ev. Since g is unknown for all
but the 5.2-ev level (=3 for both isotopes of silver),
these columns correspond to I', and I',? under the ap-
proximation that g=4. In the calculation of the average
reduced neutron width, T, little error is introduced by
this approximation. Except for the one small resonance
at 45.6_ev the values of T',? are reasonably constant.
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Fi1G. 22. The transmission as a function of neutron time of flight
for samples of isotopically enriched silver and of normal silver. The
Ag!"” sample contained 1.20 g/cm? of Ag¥’, the Ag!® sample 0.82
g/cm? of Ag!®, and the sample of normal silver 3.4 g/cm? of Agl®
and 3.2 g/cm? of Ag®. The calculated contribution of the 4
percent Ag!® to the transmission of the Ag®” sample agreed with
the dips observed at 31, 57, and 72 ev. The 42-ev “level” appeared
to be too wide in the normal Ag sample, but in the enriched
samples it was resolved into two levels (one in each isotope) at
somewhat different energies.
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TaBLE IV. A summary of the parameters of the levels from 0 to 100 ev in Ag!®” and Ag!®. T'y is assumed to be 0.13 ev.
Eo Area (1/m) X102 A gol2 2gTn 2gTx0
ev Isotope ev cm?/atom ev y ev?b mv mv
5.22:+0.042 109 0.071 T715+£25 12.2+ 0.5 5.3 +£0.2
16.6 +0.15 107 1.9 +0.2 524 0.13 1.03 60+ 7P 5.6 0.8 1.4 40.2
31.1 +04 109 1.8 +£0.2 56.3 0.17 1.09 524 6P 9 + 2 1.6 £0.3
40.8 +0.6 109 0.824:0.12¢ 220 0.20 141 344-10 8 £ 3 1.2 +04
424 +0.6 107 1.1 4+0.2¢ 150 0.20 1.31 45+15 10 + 4 1.6 0.6
45.6 +0.7 107 0.85+0.08 52.4 0.21 1.50 8+ 2 2.1+ 0.6 0.314-0.09
52.2 0.8 107 2.9 +0.6 524 0.22 1.04 14040
2.0 £0.2¢ 150 1.13 165+40
Average 150430 36 +£10 5.0 =14
56.8 0.9 109 2.5 £0.5 56.3 0.23 1.09 100440
1.3 +0.2¢ 220 1.31 9030
Average 95425 24 £ 6 3
72.5 £1.3 109 3.0 =03 56.3 0.27 1.10 15030 47 +15 5.5 +1.8
88.5 +2 109 1.344-0.14 56.3 0.29 1.55 21+ 5 10 = 3 1.1 +0.3
_ Agl? Agl®
T 2.1 mv 3.0 mv
D 50 ev 33 ev

» The results for this resonance are taken from the third column of Table II, with g =%. The numbers in the last two columns are I'» and I'a0.

b Average of four measurements with samples of different thicknesses.
¢ Measured with isotopically enriched samples.

These values can be expected to vary by a factor of
three just because of the fact that the J value of the
levels are not known. Above 100 ev the reduced neutron
widths become much larger; this fact is taken to indicate
that the observed “levels” are multiple, the actual levels
not being resolved. ’

On the assumption that all the resonances below 100
ev have been resolved, the average spacing of levels D
was calculated. This spacing refers to levels of a single J
that are a result of /=0 interactions and that lie at an
excitation energy just above the neutron binding energy.
The level spacing was estimated by dividing the energy
interval considered by the number of levels found in
that interval, and doubling this number on the assump-
tion that half of the levels are in each spin state. The
level spacing is 50 ev and 33 ev in Ag%7 and Agl®, re-
spectively. Arithmetic averages of the reduced neutron
widths T,9, for these isotopes are 2.1 mv and 3.0 mv,
respectively. It is almost certain that for the energy
region below 100 ev all levels for /=0 interactions in
these isotopes have been found. At 100 ev any resonance
with a T',0 larger than 1/20 of T',? would have been seen;
at lower energies even weaker resonances would have
been detected.

C. Iodine

Transmission measurements of samples of elemental
iodine, 99.9 percent pure, were made in the energy region
from 15 to 200 ev; it is known from the work of other
experimenters* that there are no neutron resonances
below 15 ev. A cross-section curve is shown in Fig. 23.
The resonance structure is much more clearly resolved
here than in earlier measurements by others. The
parameters of the resonances up to 100 ev, measured in
the manner described for silver, are summarized in
Table V. Above 100 ev the levels were not well resolved

and therefore were not analyzed, whereas below 100 ev
it seems certain that all /=0 resonances are represented.
The calculated parameters are based on a value of ', of
0.10 ev.

On the assumption that all the resonances below 100
ev have been resolved, the average level spacing for
states of a given J in iodine is 29 ev. The average value
of T,? for these levels is 2.8 mv. The observed values of
2gT", show fluctuations of a factor of 20; as the spin of
127 s 5/2, lack of knowledge of J can produce variations
of only a factor of 1.4. It can be concluded that the
fluctuations in I',? are much larger than those which
have been observed in I'y ;®® thus, any minor fluctuations
in T', will not appreciably affect the calculation of T',.
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F16. 23. The total cross section of I'*” as a function of neutron
energy. There are no resonances below 20 ev; above 100 ev indi-
vidual levels were not resolved. Observed cross sections near
resonance are not the true values, but are distorted by the effects
of instrumental resolution and Doppler broadening.
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TaBLE V. A summary of the parameters of the levels from 0 to 100 ev in iodine. I'y is assumed to be 0.10 ev.

Eo Area (1/n) X10% A ool 2gTn 2gT,0

ev ev cm?/atom ev ¥ evzhb mv mv
20.5+0.3 0.704:0.07 80.0 013 124 10+ 3 1.6 0.5 0.35£0.11
31.4%0.5 2.1 +02 80.0 0.16 1.03 105230 21 =+ 7 38 +1.3
377407 2.7 £0.3 80.0 0.17 1.04 180£50 38 +13 6.0 +2.0
46 =1 1.8 +03 80.0 0.19 113 75230 21 + 9 32 +£14
66 =2 1.0 204 25.2 0.23 1.70 st 9 237 {4 03 103
78 42 17 04 80.0 0.25 1.26 6039 30 23 3 3
91 +3 2.6 £0.8 25.2 0.27 1.07 5032 30 +39 3 3

D=29ev T,0=2.8 my ‘
D. Gold and I'y=0.2024-0.01 ev. For a Doppler width of 0.051 ev

Transmission measurements of samples of high-purity
gold metal were made in the energy region from 3 to
300 ev. A transmission curve for a sample thickness of
12.3 g/cm? is shown in Fig. 24 for energies above 30 ev.
Below 30 ev there is only one resonance, at 4.9 ev. The
asymmetry of the 61.5-ev level and the slope of the
transmission curve between 30 and 50 ev are caused by
interference between resonance scattering and potential
scattering. This interference term falls off slowly, only as
the first power of the reciprocal of E—E,. The asym-
metry occurs because the interference term changes sign
at resonance.

The parameters of the 4.94-ev level were obtained by
analysis of the shape of the transmission dip for a
0.00465 g/cm? sample, by using the method described in
Sec. IV A. The maximum observed cross section was
250004800 b and the observed width at half the
maximum cross section was 0.23+0.01 ev. Correcting
for instrumental resolution gave oa=26 50021000 b,

the parameters of this level are oo=30 600241500 b, and
I'=0.16340.015 ev. These values are in good agreement
with the measurements of other experimenters.’ As the
spin of Au'¥ is §, the choices for the angular momentum
of the compound nucleus are J=1 or 2, which give
expected values for T',,/T" of 0.154-0.01 or 0.093=:0.005,
respectively. Experimental values obtained for I',/T are
0.14 by Harris ef al.,** and 0.1240.01 by Tittman and
Sheer.®® It thus appears that the accuracy of the
measurements is not sufficient to make a definite
assignment of J.

The parameters of the resonances up to 200 ev are
summarized in Table VI. The calculated parameters are
based on a value of T'y of 0.15 ev. On the assumption
that all the resonances below 200 ev have been resolved ;
the average level spacing for a single J in gold is 57 ev.
The average value of I',° for all the levels measured is 5
mv, with fluctuations of about the same magnitude as
observed in iodine.
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Fi1G. 24. The transmission as a function of neutron time of flight for a 12.3 g/cm? sample of Au'®” metal.
The only resonance below 30 ev is at 4.9 ev; above 200 ev individual levels were not resolved. The slope
of the transmission curve between 30 and 50 ev and the asymmetry of the 61-ev level are caused by
interference between resonance and potential scattering.

5 H. H. Landon and V. L. Sailor, Phys. Rev. 93, 1030 (1954).
8 J, Tittman and C. Sheer, Phys. Rev. 83, 746 (1951).
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Eo Area (1/7) X102 A aol2 2gTn 2gT'0
ev ev cm?2/atom ev ¥ ev:b mv mv
4.94+0.042 8004150 19 =+ 2 8.54+0.9
61.5 +1.0 6.5+1.0 33.5 0.18 1.00 4504130 90 =+30 11 +3
80.2 +1.5 2.1404 33.5 0.20 1.09 41+ 17
1.94:0.3 26.7 1.10 28+ 9
Average 32+ 8 12 + 4 1.4+0.4
110 +£3 1.44-0.3 33.5 0.24 1.27 16+ 8
1.240.3 26.7 1.33 9+ 35
Average 12+ 4 6.5+ 3 0.6£0.3
153 +4 2.740.7 33.5 0.28 1.10 70+ 40 43 +25 3.54+2
168 +5 4.040.9 33.5 0.29 1.04 170+ 80 90 +40 7 +3
194 6 2.540.7 33.5 0.32 1.17 55+ 35 43 430 3 +2
D=57 ev T.0=5 mv

e Parameters of this resonance are obtained by the ‘‘shape’ analysis discussed in Sec. V D.

E. Thorium

Thorium was investigated because it is the heaviest
monoisotopic element available and it was desired to
make measurements over a large range of atomic
weights. Transmission measurements of thorium metal
were made in the energy region from 5 to 200 ev.
Representative transmission curves, shown in Fig. 25
for sample thicknesses of 3.60, 11.0, and 22.1 g/cm?
revealed several interesting features. The previously
reported resonance? at about 20 ev was clearly resolved

into two levels, separated by 1.7 ev. Furthermore, these
two levels and the 71-ev level showed an asymmetry
characteristic of the interference between resonance and
potential scattering, which indicates that TI', is not
negligible compared to I'y. Thorium is a particularly
favorable case in which to observe this interference
phenomenon because it is monoisotopic and has zero
spin; therefore the resonance scattering interferes with
the entire potential scattering.

The parameters of the levels in thorium from zero to
140 ev are summarized in Table VII; above this energy

Lo 1 T ] T T

0.8

TRANSMISSION
[o]
o

o
>

I I I I I I
3.6 gm/cm?

22 gm/cm?

o.21— -
NEUTRON ENERGY, €V
150 100 70 50 40 30 25 20
o | I I 1 1 n I 1 |
1 I T T T T T T T T T T
6 8 10 12 14 16

TIME OF FLIGHT, p sec/m

F1G. 25. The transmission as a function of neutron time of flight for samples of Th?? metal. There are no resonances below 20
ev; above 140 ev individual levels were not resolved. The two levels between 20 and 25 ev, which are well resolved with the
thinnest sample, were not previously resolved by other experimenters. The asymmetry characteristic of interference between
resonance and potential scattering is clearly seen in these two levels and the 71-ev level.
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TasLE VII. A summary of the parameters of the levels from 0 to 140 ev in thorium. T'y is assumed to be 30 mv.

E, ‘Area (1/n) X102 A ool © . Tas e
ev ev cm2/atom ev ¥ evzb  mv mv
22.1+0.2 0.55+0.05 107 0.10 1.52 T+ 2 1.84 0.5 0.440.1
23.8+0.3 0.70+0.06 107 0.10 1.28 134 4 3.5+ 1.1 0.7+£0.2
60.5+1.0 1.6 +04 17.5 0.16 1.20 124 5
1.1 £0.2 35 1.60 8+ 5
» ~ Average 10+ 4 6.4+ 2.5 0.840.3
70.84-1.3 1.9 403 107 . 0.17 1.04 120440 S 44 420 5.2425
117 +3 1.2 0.2 35 0.23 2.04 T+ 4 8 x5 0.8+0.5
127 +3 1.6 0.3 35 0.24 1.33 20410 20 +10 1.740.9
133 - +3 1.3 +0.3 35 0.24 1.88 10+ 5 12 4+ 6 1.140.6
D=20 ev f,,f’=1.5 mv

2 Since g =1 for thorium, the last two columns give I'x and I's9, rather than 2g times these quantities.

the levels were not well resolved. The calculated parame-
ters are based on a value of T'y of only 30 mv,* which is
much smaller, because of the large 4, than the radiation
widths of the other elements investigated in this paper.
It should be noted that the fractional errors in the
values of ¢oI'? are larger than those for most of the other
elements studied. The reason for this is twofold: first,
the prominence of the interference between resonance
and potential scattering requires the use of relatively
thin samples in order that the measured area be due to
the resonance cross section alone; second, A/T' is very
large for most of these levels (greater than 3 for all
except the 71-ev level). These factors combine to give
rather large values for the correction factor vy, as well as
large uncertainties in y due to the uncertainty in the
measured area and in the assumed value of T',. The 64
ev? b value of ¢oI" measured by Hodgson ef al.?® for the
23-ev resonance in thorium is not correct because they
failed to resolve the 22.1- and 23.8-ev levels. Their value
could be nearly a factor of 2 larger than the sum of the
value of ¢oI'? for these two resonances, because their
sample was thick and the calculated ooI'* was propor-
tional to the square of the measured area. If all the
resonances below 140 ev have been resolved, the average
level spacing in thorium is 20 ev and the average value
of I",? for these levels is 1.5 mv. Except for the large level
at 71 ev, the values of T', are reasonably constant.

TaBie VIII. The values of level spacings (for single J values) at
excitation energy equal to the neutron binding energy E* de-
termined from fast chopper data, and at E*4-1 Mev from fast
neutron capture cross sections (see reference 1).

D(E*),ev  D(E*41 Mev), ev
Target E* fast 1-Mev capture
isotope Mev chopper cross sections
Aglt? 74 50 6
Agi® 7.0 33 2.7
1127 7.3 29 3.3
Au®’ 6.5 57 62
Th2? 49 20

2 This value was computed from the capture cross section given in refer-
ence 1 by assuming I'y =0.15 ev, rather than 0.03 ev assumed in that paper.

F. Discussion

The few isotopes whose level parameters have just
been described represent only a beginning in the com-
pilation of data needed for comparison with the results
of nuclear structure theory. A definite attempt has been
made in this work, however, to insure that all resonances
of spin /=3 have been found in given energy regions. '

"The results would be of little use if further improvement

in resolution revealed still more levels in the same
energy region. A number of isotopes not reported here
have also been carefully studied with the fast chopper
and the results presented briefly.#—48

One result that was soon evident is that the radiation
widths show little variation. Although only a few
measured values of I'y are given here, the near-constancy
is best shown in a recent survey of Hughes and Harvey,®
which was based on fast chopper and other results. This
behavior of the radiation widths is of interest theo-
retically, because of its connection with electric dipole
transition probabilities, and practically, because it
simplifies the analysis of resonances in the poor resolu-
tion region. The reduced neutron widths show a large
variation relative to that of 'y, but the measured widths
are too few in number to draw any conclusions as yet on
the distribution law of the I',”s. Enough cases are
available, however, to reach significant conclusions, as
we shall see, concerning the relationship of the average
reduced neutron widths to the level spacings.

The directly observed average level spacings, D,
correspond to the spacings of virtual levels of single J

TasLe IX. The observed average reduced neutron widths,
average spacings (for single J values), and the ratio of these
quantities.

Target No. of To D T,9/D
isotope levels mv ev X10¢
Aglv 4 2.1 50 0.4
Agl® 6 3.0 33 0.9
Ji27 7 2.8 29 1.0
Au®¥’ 7 5 57 0.9
Th?? 7 1.5 20 0.8
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values (/4% or I—3) at an excitation energy just above
neutron binding energy. The observed cases are far too
few to study variation of level spacing with even-odd
effects, shell structure, etc. However, a rough compari-
son is possible with the level spacings inferred by
Hughes, Garth, and Levin! from the capture cross
sections for 1-Mev neutrons. These cross sections give
the average level spacings at an excitation 1 Mev higher
than neutron binding and contain some contributions
from capture of neutrons with />0. The radiation
widths must also be assumed in the determination of the
level density but this assumption now seems well
justified.

In Table VIII are listed the level spacings obtained
from the fast chopper results and from the 1-Mev cross
sections. Both sets of D values for the isotopes studied
seem to show little variation with atomic weight. The
change in measured D with 1 Mev in energy is definite,
about a factor of 10 for all the isotopes. It is difficult to
estimate what part of this factor can be attributed to
the contribution of higher /s in the 1-Mev results, and
what part represents a decrease in level spacing for /=0.
The results on level spacing are as yet too sketchy but
they will be of definite value in relation to nuclear
structure theory when many more are available.

It is instructive to consider the ratio of the average
I',’ to D, which according to the strong-interaction
theory of nuclear cross sections, should be independent
of atomic weight and of neutron energy.*® The value of
this ratio, for a potential-well depth of 20 Mev, is
predicted to be 1.4XX107% The observed ratios of the
average reduced widths ', to the average spacing D are

5 See reference 33, pp. 386-90.
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given in Table IX, from which it can be concluded that
the observed ratio is indeed of the order of magnitude
predicted and is reasonably constant. The average value
for the ratio is 0.8)X10™4, which is slightly less than the
value based on a 20-Mev well depth. However, it should
be noted that the predicted value of 1.4X10~* is based
on the assumption of equidistant levels.’” Any departure
from this assumption would decrease the predicted
value of the ratio; for example, for a random distribu-
tion of levels the predicted ratio is reduced by a factor
of two.
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Fi6. 3. A photograph of the partly assembled rotor. The 4 pairs
of arms enclose the narrowest regions of 4 pairs of rotor slits. The
rotor is made up of many pieces of plastic held between two

aluminum forgings. It has a 30-in. diameter and weighs 250
pounds.



Fic. 4. A photograph of the assembled rotor and its housing.
The rotor spins about a vertical axis. Entrance and exit stators are
not in place. The pile shield is in the background.



