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Ho activity would amount to about 40 disintegrations/
minute. With a transmission of 10 6 for the spectrom-
eter, any contribution to the Er E x-rays from the
Ho"' activity that might be present would be negligible.

Since Graham et al.' set a 0.01% upper limit for
positron emission, one is thus left with the fourth
and hnal alternative; the Er E x-rays are due to a
small E-capture branch in the Tm'" decay. Taking
the intensity of the Yb E x-rays as 0.094 per disintegra-
tion and ignoring the E x-rays that might be coming
from conversion on the E-capture side, the intensity of
the E-capture branching ratio is calculated to be
0.15%. This value is consistent with that of Graham
et td ,' who. set an upper limit of 0.3%.

With the establishment of the E-capture branch, it
seemed worthwhile to look for the presence of a gamma
ray associated with the de-excitation of the first
rotational level in Kr'". From a plot of the energy of
the first excited state of the even-even nuclei as a
function of mass number, one would estimate that the
energy of the first excited state of Kr'" would lie
somewhere in the region between seventy and eighty-

6ve kev. If the E-branch proceeded entirely through
the first excited state, one would expect the intensity
of the gamma ray (no conversion) to be about 5%
of the 84-kev gamma ray. Kith the present resolu-
tion of about 1.8% in this region and only a moder-
ately intense source (84-kev gamma peak counting
rate of 400 counts/min), it would be difficult to see
a 5% contribution to the 84-kev gamma ray from
the Kr'" gamma ray in the region between 82.7 and
85.7 kev. A search was made on the bent-crystal
spectrometer in the 70- to 8.3-kev region and the
85- to 90-kev region; there was no evidence of any
gamma ray present with an intensity greater than
2% of the 84-kev gamma ray. However, systematics
indicate that the gamma rays would have about the
same conversion coefficients and that the branching
ratios to the erst excited level in each daughter nucleus
would be about the same (=20%), and thus the Er E
x-rays arise mainly in the E-capture process rather
than in E conversion. Thus the ratio of the two gamma-
ray intensities should be about 2X10 '. Therefore it is
not surprising that this line was not observed.
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A neutron collimation-detection system has been constructed for use in measurements of resonance neutron
cross sections. The high eKciency of the detector in combination with careful collimator design enables one
to collect data with relatively good resolution in a short time. Although designed to measure cross sections
at a minimum energy of about 5 kev, resonances have been observed at energies as low as 350 ev. Resolving
power exceeds that of velocity selectors, however, only at neutron energies greater than about 5 kev. Reso-
nances in iron were found at 8, 29, 75, and 85 kev. The three latter resonances exhibit strong interference
dips and are assumed to be due to. s-wave neutrons on Fe".The resonance energies found in bismuth were
1, 3, 13, 16, 34, 47, and 70 kev; the level spacing for a single J value thus seems to be about 20 kev.

INTRODUCTION

HERE is now considerable evidence' ' that the
effects of magic neutron numbers on nuclear

level density are evident even at excitation energies of
5—8 Mev. One of the most direct methods of investi-
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gation of this effect is the study of neutron total cross
sections in the resonance region. Many "magic" or
"near-magic" nuclei have resonance spacings of the
order of 1 to 10 kev. With a spectrometer of 5 to
10% resolving power in the range 5 to 100 kev
one could also hope to finish bridging the gap between
neutron cross sections obtained by velocity selectors
(0—5 kev) and the other principle group of data, whose
low-energy side is somewhat below 100 kev. Finally,
determination of resonance parameters, such as reaction
width and spin of many levels previously too narrow to
measure, should be feasible.

This paper reports the successful construction of a
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intendent of Documents, U. S. Government Printing Once,
Washington, D. C., 1952).



NEUTRON RESONANCES EN THE kev REGION 1575

spectrometer 6tted to the foregoing specifications and
includes some early results. The design is along very
similar lines to the spectrometer of Langsdorf et al.' "
and has the added feature of high neutron eKciency,
so that a large amount of data can be taken in a rela-
tively short time.

APPARATUS

The proton beam from the Duke Van de Graaff
accelerator was both magnetically and electrostatically
analyzed to a resolution of about 0.07% before im-
pinging upon a thin ((1 kev) Li target evaporated
onto a thin metal backing. Analyzed beam currents
of 5 to 10 microamperes were used. Neutrons from the
Li~(p, l) reaction, emerging at an angle of 122' measured
from the direction of the incident protons, were col-
limated over a distance of about four feet (Fig. 1) by
means of paraQin and water shielding. The angular
spread of the accepted neutron beam was 2' in the
plane of the 6gure and 20' in the plane normal to the
page. These values were chosen as a compromise
between resolution and expected counting rates. The
calculated resolution of the collimation system is
shown in Fig. 2; the additional energy spreads in the
experiment (due to finite proton beam resolution and
target thickness) were omitted in the above calculation.

The neutron detection system (labeled the "Box")
consisted of a bank of 18 high-pressure (120 cm)
8 F3 proportional counters" connected in parallel and
embedded in a paragon matrix" (Fig. 1).These counters
had a 20-inch active length. The radial spacing of the
counters (2 in. center-to-center) was chosen for 75%
"thermal utilization. "

The decision to use a 8"F3pressure of 1.20 cm Hg was
based on a relative eS.ciency test using identical
geometry with gas pressures ranging from 100 to 150
cm Hg. Pressures lower than 120 cm Hg produced more
uniform pulses but lower eKciency. Higher pressures
resulted in poorer p-ray discrimination, giving an
eGective decrease in efficiency. The number of neutron
events biased out (in order to avoid any counts from
y rays) was estimated to be about 18% of the total
events in the counter. Spurious counts, due mainly
to high-voltage leakage pulses, were eliminated by
careful cleaning of components with ether and by
maintaining these components at a slightly elevated
temperature to reduce the relative humidity of the
surrounding air,

The neutron monitor, placed at 0' with respect to
the proton beam, consisted of a single BF3 counter
embedded along the axis of a cadmium-covered paragon
cylinder, 6 in. in diameter and 2 ft long. The front face
of the cylinder was perforated with six 1-in. diameter

' A. L. Langsdorf, Jr., Phys. Rev. 80, 132 (1950).
"Hibdon, Langsdorf, and Holland, Phys. Rev. 85, 595 (1952).
~' Made by special order by Radiation Counter Laboratories,

Skokie, Illinois. A glass filling system was used.
'2 P. R. Bell, unpublished curve of thermal neutron intensity

as a function of distance in water, using an Sb-Be neutron source.
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Fre. 1. A cross-sectional view of the experimental arrangement.
Center-to-center spacing of BF3 counters is 2 in.

holes drilled 8 in. deep (similar to the design of a
McKibben counter) in order to improve the counter's
linearity and efficiency.
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FIG. 2. Calculated resolution of collimator. Effects of proton
energy spread and lithium target thickness have been omitted.
A method of exact determination of the energy spread due to the
latter effects is under study.

TARGETS

Lithium metal was evaporated in vacuum on 0.005-in.
tantalum caps, of 1-in. outer diameter, with a -,'-in.
lip for sealing (with a plastic cement) to the Van de
Graaff vacuum system (more recent methods are
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PROCEDURE

Alignment (other than visual) of all components was
accomplished by maximizing proton current or neutron
counting rate. Normalization of counts was obtained
by proton current integration and by monitoring the
neutron counting rate at O'. About 5000 counts were
usually taken.

Energy calibration of the electrostatic analyzer
voltage was obtained by measuring the forward
threshold of the Li'(p, n) reaction. The extrapolation
(to zero counting rate) of the linear portion of the
forward yield curve was assumed to correspond to a
proton energy of 1.882 Mev. This point, however,
refers to the energy of the high-energy portion of the
proton beam distribution function. The energy of the
peak of the distribution function is slightly ( &0.5 kev)
less than this. For a proton energy error of 0.5 kev, the
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discussed in the sections on Background and Later
Improvements). These were stored in an evacuated
desiccator until used. The targets were exposed to air
for a total of less than one minute. Selection for use
was based on relative neutron yield and resolution as
determined by the measured transmission at the
13-kev bismuth resonance. A Bi sample 1 cm thick
was used. Targets were discarded if T;„was greater
than 60%. The lowest transmission value measured
was 47/o but the average value was about 52%.
Targets were also discarded at times because of poor
reproducibility in counting. This eGect seems to be
due to a nonuniform lithium layer. " The target was
cooled by a fine air-water spray. Counting rates ranged
from 5)(10' cpm at E =500 ev to 104 cps at
E„=50 kev for proton beam currents of about 6 pa.
Naturally these values changed from target to target,
but never more than a factor of two in either direction.

corresponding neutron energy error (at 122') is about
0.25 kev for E„&20kev and decreases with decreasing
energy, becoming about 100 ev at E„=2kev. Attempts
to determine the exact energy of the peak of the proton
distribution are hindered by several factors: (1) un-
certainties in the proton distribution curve as to both
width and shape; (2) target thickness uncertainty.
These factors are under study, but it has been decided,
for the present, to report our cross section measure-
ments with the usual energy assignment, i.e., without
correction for the error mentioned above. Hence, we
quote a neutron energy uncertainty of +0.5 kev,
—0.25 kev for E„&10kev. During preliminary runs,
when only the magnetic analyzer was in use, energy
calibration was performed by measuring the relative
magnetic 6eld corresponding to several known neutron
resonances. Calibration of neutron energies in later
runs was determined from the measured proton energy.

BACKGROUNDS

Kith the exception of a small cosmic-ray component,
background was limited to neutrons that entered the
detector via the collimator. A paragon scatterer, shaped
like the collimator, was inserted between the top of the
collimator and the target. The thickness of the paragon
corresponded to about 30 mean free paths of a 10-kev
neutron. Table I summarizes the results obtained.

The data in the third column indicate the presence
of neutrons entering through the collimator even
though all neutrons produced by the Li'(p, m) reaction
should, at this proton energy, be found only in a
forward angle cone. This counting rate was found to be
due to neutron back-scattering by the target backing.
A typical yield curve near threshold is shown on the
right side of Fig. 3. The dotted curve resulted from a
target arrangement consisting of aluminum vacuum
tubing with tantalum target backing. The peak shown
at X~=1890 kev is due to neutrons produced in the
Li target, then back-scattered by the tantalum, and
finally resonarltly scattered by the 37-kev resonance in
the aluminum tube. A similar process due to the 90-kev
aluminum resonance was probably responsible for the
rise in counting rate slightly below E„=1922 kev
(threshold for neutrons into back angles).

Since this background of oG-energy neutrons reduces
the apparent cross section of resonance peaks, the

TABLE I. Counting rates at 122' in the vicinity of
the Li'(p, o) threshold.

Machine Eth(122 )
oK EI &E]h(0') &Ey &Eth(0') Ey &Eg, (122')

1850 1875 1800
Ep (KEY)

FIG. 3. Relative neutron yield at 122'. The right side of the
figure is an enlargement (and extension to lower proton energy)
of the yield curve on the left. The two curves nearly coincide
above 1 kev.

"A. L. Langsdorf, Jr. (private communication).

Counting rate,
with parafFin
absorbers no data no data

Counting rate
{cpm), no par-
affin absorbers 20+2 22~2 87&9

15&6

2000

21&2
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following changes were introduced in an attempt to
reduce the magnitude of the background.

(1) The 0.005-in. thick Ta target backing was
replaced by 0.003-in. Ag.

(2) In order to eliminate irregularities in the neutron
yield curve at 122' as well as to determine the magni-
tude of the back-scattered neutrons near back threshold,
the —,'~-in. wall, 1 in. o.d. aluminum vacuum tubing
was replaced by a 0.010-in. wall, ~3 in. o.d. silver tube.
The resonance spacing in Ag is quite close, thus, for our
resolving power, neutrons passing through the Ag tube
"see" a constant cross section rather than a variable
one as was the case for Al.

The data for the solid curves shown in Fig. 3 were
taken after the preceding changes were eGected. The
improvement attained is quite evident. Previously, for
instance, a prominent dip (see Fig. 3) in the yield
curve appeared near 37 kev.

CORRECTIONS TO THE DATA

As mentioned in the previous section, backgrounds
were of two types: (1) cosmic-ray neutrons; (2)
neutrons back-scattered by the target backing.

The correction for (1) becomes less than 1% for
neutron energies &5 kev but was usually applied to
data below this energy.

An approximate correction factor can be made for
background (2) since it is due to neutrons interacting
with the sample with a cross section roughly equal to
the average cross section of the sample in the energy
region under study. This is because the energy spread of
the scattered neutron group ranges (more or less uni-
formly) from the energy of the direct beam (at 122') to an
energy some 120 kev greater, corresponding to neutrons
whose original direction was O'. When the energy of the
direct neutron beam is such that the sample exhibits
only potential scattering, very little correction is
ordinarily needed for the oG-energy scattered group.
But when the energy of the direct beam corresponds
to a resonance in the sample, a much larger correction
may be made for the presence of the oG-energy group
provided the relative magnitude of the two groups is
known.

The counting rate slightly below 122' threshold is a
measure of this eGect, but since the neutron Qux from
the Lir(P, e) reaction has a strong energy-angle de-

pendence, and since the amount of target backing
"seen" by neutrons is also dependent upon angle, the
Aux of back-scattered neutrons at 122' may very well

change with proton energy.
An accurate calculation of this eGect was attempted,

but it was soon found more feasible to measure the
background with the aid of elements with strong,
isolated resonances. Those chosen were the 3-kev
sodium and the 37-kev aluminum resonances. The
eGective cross section at resonance was measured for

several values of sample thickness. After correction"
for finite energy resolution of the direct beam and for
nonexponential beam attenuation due to thick samples,
one is able to estimate to within several percent the
fraction of the total beam attributable to the scattered,
oG-energy group. The results showed that the absolute
rate of scattered neutrons does not change between
back threshold and E„(122')=3 kev, but seems to
increase slightly by 37 kev. This correction has been
applied to very few curves thus far since its only eGect
is to accentuate a resonance already found. A closer
study of the correction is now underway in this
laboratory.

A check was made to determine whether in-scattering
corrections might be needed when large samples were
used. As expected (from the long collimation path),
tests showed that in-scattering corrections were
negligible.

EXPERIMENTAL RESULTS

The results below serve to indicate the ability of the
spectrometer to measure total cross sections at rela-
tively high resolution. Data taking time for the iron
curve, for instance, was about 10 hours.

Iron

The total cross section of iron is shown in Fig. 4.
This curve was calculated from the raw data with no
corrections applied. The sample was 3.24 g/cm' wrought
iron. The resonances at 28.8, 74.5, and 84.5 kev seem
to be due to s-wave (1=0) neutrons interacting with
Fe". The resonance at 28.8 kev has been observed by
others, " and the peak previously reported at 90 kev
may be an average of the pair we found at 74.5 and
84.5 kev. The other definite resonance observed (at
8.0 kev) confirms the work of Hibdon et a/. ' We too
found slight evidence for a very weak resonance near
16 kev and another near 36 kev. These resonances and
the one at 8.0 kev are due either to resonances in a
minor isotope or to resonances in Fe" of neutrons with
l)0. This problem should be readily solvable by
measuring the cross sections of iron enriched in the
minor isotopes. We plan to do this in the near future.

Since the neutron collimator was constructed of iron,
one might think that at certain neutron energies the
collimator could scatter or transmit a large number of
neutrons, thus seriously affecting the operation of the
spectrometer. Fortunately, this is not true. For a cross
section as low as 0.5 barn, the collimator walls still
reduce the neutron transmission to about 1%. Per-
haps the best answer concerning possible bad eGects
in high cross-section regions is that, although a great
variety of elements and sample sizes have been run

"E.Merzbacher (unpublished). The method used was similar
to that mentioned in B.T. Feld et al. , Atomic Energy Commission
Report, NYO 636, TS1, Oak Ridge, 1951 (unpublished), p.&33 ft.

'~ Barschall, Bockelman, and Seagondollar, Phys. Rev. 78,
659 (1948).
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mission curves) are indicated. These two curves were
taken concurrently.

These measurements confirm the work of others' well
within our energy uncertainty. These results are not
meant to imply that it is feasible for us to make exten-
sive measurements in this region. They serve only to
demonstrate the versatility of the spectrometer.

LATER IMPROVEMENTS

One of the primary difFiculties encountered in these
measurements was the relatively short, useful lifetime

Bismuth

The results for bismuth are seen in Fig. 7. All essential
features have been measured at least twice. All back-
ground corrections have been applied. The effect of
the corrections, for example, on the 13-kev resonance
was to increase the apparent peak cross section from
27 to 31 barns. The resonances shown at about 1 and 3
kev are undoubtedly the ones reported at 0.8 and 2.5
kev by. the Argonne fast chopper group. ' Typically
shaped s-resonances appear at 3, 13, 34, 47, and 70 kev.
The Argonne data have shown that the 1-kev resonance
is also due to s-neutrons.

The point scatter around 6 kev has been checked
and no evidence was found indicating real structure.
Thus the level spacing for single spin and parity seems
to be on the order of 20 kev, assuming a random distri-
bution of spin states.

of targets (about 16 hours). During this time a thin but
apparently uneven deposit of carbon was built up on the
lithium surface. Although frequent measurements of
the Li(p, e) threshold were made to correct energy
shifts, this condition was obviously unsatisfactory,
since the uneven carbon build-up worsened the reso-
lution. We have been able to improve the useful
lifetime by a factor of at least ten by introducing the
following changes and modi6cations:

(1) The 0.003 in. silver target backings were found to
be unsatisfactory due to "blister" formation on the
lithium coated surface in the immediate area bornbarded

by the protons. The substitution of platinum for silver
seems to have eliminated this problem and also allowed
us to reduce the target backing to 0.002 in. thick.

(2) All glue and Neoprene "0"rings were removed
from the target area. This was accomplished by using
soMer seals and lead "0"rings.

(3) A liquid air-charcoal trap was installed within
3 in. of the target. This improved the vacuum at the
target from 4)(10 ' to 2&10 ' mm mercury and
caused an order-of-magnitude decrease in carbon
build-up rate. When the trap was moved 6 in. from the
target, the build-up rate increased noticeably.
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