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The ~ 'Pr(y, n) cross section was measured from threshold to 24 MeV with a photon beam
produced by the in-flight annihilation of positrons. The photon beam resolution was determin-
ed to be 1.2% (full width at half maximum) by elastically scattering the y rays from the 15.1-
MeV level in '2C. The (y, n) cross section was found to have a maximum value of 348 mb and
an integrated value up to 24 MeV of 1.72 +0.16 MeV b. Within the statistics and the photon res-
olution of the measurement, the results indicate that there is no structure in the cross section,
with the possible exception of a weak bump at approximately 17.5 MeV. The results are com-
pared with previous measurements and with theory; the latter comparison indicates that the
widths of states in the dynamic collective theory should be considerably broader than those
which have been typically used.

I. INTRODUCTION

A great deal of controversy exists over the pos-
sibility of structure in the '"Pr(y, n) cross section,
as is evident from the results of three previous
measurements shown in Fig. 1 (taken from Ref. 1).
The most recent result, obtained by Cannington,
Stewart, and Spicer (CSS),' shows three large
peaks in the middle of the giant resonance, as well
as smaller peaks in other areas. The cross sec-
tion of Cook ei al. (CHWBJG)' shows pronounced
structure in the. lower part of the giant resonance,
and it differs considerably from that of CSS. Both
of these measurements were done with the radio-
activity detection technique and with bremsstrah-
lung beams, although different methods of unfold-
ing data were used. A measurement from Liver-
more by Bramblett et gl. ' shows no structure;
these data were taken with a neutron counter and
with monoenergetic y rays from the annihilation of
positrons. The calculated resolution for the Liver-
more y-ray beam in the 13-1'7-MeV region' was
more than sufficient for observing the main struc-
ture reported by CSS in this region. However, CSS
suggest in the text of their article that the Liver-
more resolution was not good enough to observe
the structure, ' i.e., that the Livermore resolution
was actually worse than stated.

Because of the large controversy about the shape
of the cross section and because the cross section
is of value in determining the validity of theoreti-
cal calculations" on the shape of the cross sec-
tion, it was decided that it would be important to
perform at this laboratory a careful and indepen-
dent measurement with monoenergetic y rays. The
present measurement has a number of significant
advantages:

(1) Our y-ray resolution was determined experi-
mentally during the course of the Pr(y, n) measure-

ment by elastically scattering the y rays from the
15.11-MeV level in "C, as described below. With
our resolution and counting rates, we had the capa-
bility of easily observing the main peaks in the
structure reported by either CSS or CHWBJG.

(2) Our y-ray energy resolution was uniformly
good over the entire energy region, since we used
the same thin positron-annihilation foil (0.025 cm
of Be) for all energies. In contrast, the Liver-
more group states that their resolution was con-
siderably worse outside of the 13-17-MeV region
because of a much thicker annihilation target. '
Good resolution at low energies is particularly im-
portant for checking the validity of the structure
in the data of CHWBJG.

(3) In the present measurement, the radioactivi-
ty detection method was used to determine the
number of (y, n) events. With this method, the ef-
ficiency is completely independent of the outgoing
neutron energy, and, in addition, there is no pos-
sible ambiguity about which reaction is being stud-
ied. Since the present measurement employs the
same detection method used in the bremsstrahlung
measurements, no differences in the cross section
due to the detection method can arise.

II. MEASUREMENT PROCEDURE

A. Measurement of Excitation Functions

The experimental arrangement used for the pres-
ent cross-section measurements was similar to
that used for the 63Cu(y, n) determination. ' Posi-
trons and electrons were produced by bombarding
a converter with an intense electron beam from
the first two sections of a four-section electron
linear accelerator (LINAC). In the present experi-
ment, an additional section was used at the begin-
ning of the accelerator to obtain higher electron
energies at the converter. Either positrons or

1129



1130 S UND, V E R BINS KI, WEBER, AND KULL

600,

500

E 400—
O

o 300
LLj

o 200
O

j00

9 jo jj j2 j3 j4 j5 j6 j7

PHOTON ENERGY IMeV)

FIG. 1. Comparison of the Pr(y, n) cross sections
obtained by CSS (see Ref. 1), Bramblett et al. (see Ref. 3)
and CHWBJG (see Ref. 2). (Figure received from authors
of Ref. 1.)

electrons were accelerated to the desired energy
and then energy-analyzed with a magnet and slit
system which had a calculated resolution of 0.9%.
The beam then passed through a 2.4-m-thick shield
wall and struck a 0.025-cm-thick Be annihilation
foil. Practically all of the beam passed through
the Be foil and was then bent by a magnet through
an angle of 45' into a Faraday cup. The charge
collected on this cup served as the beam monitor.
The charge measuring system consisted of a pico-
ammeter which was connected to the Faraday cup,
and a current integrator which was linked to the
picoammeter. The current integration system was
operated as a leaky current integrator' to compen-
sate automatically for the decay of the '"Pr activi-
ty during the irradiation. The Be annihilation foil
could be retracted by remote control to check for
possible radiation produced in the beam tube sys-
tem by scattered particles and to check that the
foil did not interfere with the beam current mea-
surements. The beam was aligned before each Pr
irradiation by steering it through a 1.27-cm-diam
hole in a retractable aluminum collimator located
immediately in front of the Be foil. About 80% of
the positron beam was contained within 1.27 cm,
and photographs indicated that the beam was essen-
tially symmetric.

Approximately monoenergetic y rays from the
annihilation of positrons in the Be foil passed
through a lead collimator which was 3.65 cm in di-
ameter and extended to 105 cm from the Be foil. A
tungsten insert was placed at the exit of the colli-
mator to reduce beam transmission through the
collimator edges. Calculations show that edge ef-
fects in the tungsten collimator produce a negligi-
ble error in the cross-section determination.
There was a gap of about 2.5 cm between the end
of the tungsten collimator and the sample position.
The samples were 4.45-cm-diam by 1.04-cm-thick

discs of praseodymium which were canned in thin
aluminum containers. The praseodymium discs
were checked for uniformity by measuring the di-
mensions, by weighing, and by x raying them to
insure lack of voids. The calculated transmission
of photons in passing through an entire Pr sample
was about 71% at 15 MeV; almost 80% of the atten-
uation was caused by pair production, and most of
the rest of it was caused by photon scattering.
Each sample was irradiated for approximately one
half-life of "oPr (3.4 min) and was then removed
from the accelerator area by a pneumatic tube sys-
tem. The annihilation photons from the positron
decay of '"Pr were then counted for four min after
a waiting period of 40 sec from the end of the irra-
diation. Two 12.7-cm-diam NaI detectors, which
were 7.6 and 14.7 cm long, were used to detect co-
incidences between the 511-keV photopeaks. The
effects of the bremsstrahlung tail in the photon
spectrum produced by positrons incident on the Be
foil were evaluated by repeating the measurements
with a beam of electrons. The background from
the aluminum containers was determined to be in-
significant from irradiations under the same con-
ditions as the Pr samples. The electronic compo-
nents used in the current integration system were
stable to within 2%. During the measurements, the
current integration system was calibrated and rou-
tinely checked with a calibrated current source,
and the NaI detection system was routinely checked
with a standard "Na source.

B. Photon Flux and Energy-Resolution Determinations

The modified version of the Monte Carlo code of
Cardman and Owens' was used to calculate the num-
ber of y rays striking the Pr sample per positron
striking the Be foil. A previous article gives in-
formation on this code and our experimental veri-
fication of the results of the code. ' The experimen-
tal determination of the photon flux agreed very
well with the calculation at about 11 MeV, was
about 3% higher than the calculated value at 15
MeV, and was about 9% higher than the calculated
value at 20.5 MeV. ' These differences were well
within the combined errors of the experiment and
the calculation. The input parameters for the pres-
ent calculation were different from those of the
previous calculation' because of the narrower posi-
tron energy resolution in the present measurement
and because the Be annihilation target in the pres-
ent experiment was one half of the target thickness
in the previous experiment. The results of the
Monte Carlo calculation with the thinner target
should be as accurate or possibly more accurate
than the calculation with the thick target, because
the average number of positron interactions pre-
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ceding the annihilation process is lower in the thin-
ner target. Furthermore, the Monte Carlo code
was previously checked' as a function of the Be tar-
get thickness, and the zero-thickness extrapola-
tions for the intensity of photons agreed well with
the values computed from the fundamental annihi-
lation cross section. The results of the photon-
flux calculations for the present cross-section
measurements were fit with the expression 10 '
&&(a+bE+ cE') y rays per positron, where E is the
kinetic energy of the positron. The results of a
least-squares program gave the parameters: a
=-0.0424, b =0.190, and c=-0.00254. The points
were fit within 0.2% by this expression.

An important feature of the present experiment
was that the resolution of the y-ray beam was
measured during the course of the Pr experiment
by elastically scattering the y rays from the 15.11-
MeV level in "C. In this measurement, a 12.7-cm-
diam by 14.7-cm-long NaI crystal and a 12.7-cm-
diam by 7.6-cm-long NaI crystal were used to de-
termine the intensity of the scattered y rays as a
function of the energy of the positron beam. The
scattered y rays were detected at angles of 90 and
135 relative to the photons incident on the carbon.
Figure 2 shows the measured energy spectrum of
photons contained within the 1 collimator and pro-
duced by positrons with an energy resolution of
-0.9% striking the 0.025-cm-thick Be foil. The en-
ergy resolution of the photon beam derived from
these data is 1.2% full width at half maximum
(FWHM). Figure 2 also shows the spectrum cal-
culated with the Monte Carlo code of Cardman
and Owens. ' The differences in the measured and
calculated spectra probably result from the differ-
ence in the shape of the actual energy spectrum of
the positron beam and the rectangular shape re-
quired in the code, as well as from small differ-
ences between the experiment and code in the spa-
tial and angular distribution of positrons. (Al-
though these differences between the experiment
and code can affect the energy spectrum, the error
in the calculated photon flux, which results from
the inexact duplication of the experimental condi-
tions, is small. ) The scattering from the 15.11-
MeV level in carbon also provided a precise ener-
gy calibration for the photon beam.

The FWHM for the Monte Carlo photon spectrum
at 15.1 MeV shown in Fig. 2 agrees well with the
measured value of 1.2%. Similar Monte Carlo cal-
culations as a function of energy for our particu-
lar experimental conditions resulted in resolu-
tions of 1.3% at both 9.V and 22.6 MeV. The slight
increase in percentage resolution at lower ener-
gies is caused by the increasing relative impor-
tance of the energy loss in the Be foil. At high en-
ergies the resolution gets slightly poorer because
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of the greater energy variation as a function of
angle in the basic annihilation process. The re-
sult of both of these effects together with the con-
stant percentage resolution of the positron beam
produces a percentage photon resolution which is
almost independent of energy over the region of
the present Pr measurement.

C. Efficiency for Detecting 'Pr Positron Activity

The efficiency of the NaI crystals for detecting
positron annihilation y rays from a Pr sample was
measured with an "F source which was intercali-
brated with a National Bureau of Standards cali-
brated Na spurce. The Na spurce was npt used
directly for the calibration of the system, because
of the interference produced by the coincidence
summing of the 511-keV annihilation y rays and
the 1.275-MeV y rays accompanying the positron
decay of "Na. The intercalibration of the positron
activity from Na with that frpm F was dpne by
coincidence counting the 511-keV annihilation y-
ray photopeaks in a geometry consisting of the
12.7-cm-diam NaI crystals separated by 154 cm
and with the source located midway between them.
Because there is no angular correlation between
the 1.275-MeV y rays and the annihilation y rays,
the rate of coincidences involving the 1.275-MeV
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FIG. 2. Spectrum of annihilation y rays determined by
elastic scattering from 15.11-MeV level in C. The
Monte Carlo calculation of the annihilation spectrum is
shown for comparison. The energy scale is greatly ex-
panded to better illustrate the data.
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y rays in this expanded geometry was less than
1% of the annihilation y-ray coincidences. In an
independent measurement, a "F sample was cali-
brated against the standard "Na source with a Ge-
(Li) detector. In this method, the sources were
positioned at a distance from the detector so that
the coincidence summing between the 511-keV y
rays and the 1.275-MeV y rays from the "Na
source removed only 0.3% of the counts from the
511-keV photopeak. The intercalibration and ef-
ficiency procedures are described in more detail
in a previous article. ' The combined result of the
two measurements for the efficiency for coinci-
dence counting the annihilation y rays with the
source located at the center of a Pr sample was
0.1122+ 0.0015.

To account for the distributed-source effects in
a praseodymium sample, measurements of the
counting rate were performed as a function of ax-
ial and radial position of the "F foil within an as-
sembly of praseodymium discs. The efficiency of
the detection system varied with radial position by
3 to 5%, depending on the axial position, and the
efficiency of the system with the source centered
on the cylindrical axis of the sample varied with
axial position by 7%. The correction accounting
for the distributed source was calculated by
weighting these variations with the angular distri-
bution of the annihilation photon beam and with the
attenuation of this beam by the sample; the varia-
tion in this correction with y-ray energy was neg-
ligibly small. The resulting efficiency was 98.4%
of that measured at the center of the praseodmium
sample.

To obtain the final efficiency for detecting the
'"Pr positrons, a correction was applied for ef-
fects caused by bremsstrahlung generated in the
slowing down of positrons and also for y rays
which accompany the positron decay. The sum
pulses produced by the simultaneous detection of
these photons and the annihilation radiation had to
be taken into account to obtain the true number of
511-keV photopeak coincidences. The effect of the
sum pulses in the efficiency measurements with
"Fwas negligible, because the positron end-point
energy is only 0.65 MeV and no y rays are emitted
in the decay of "F. In the decay of '"Pr, very
few y rays follow the positron decay; however, a
significant number of sum pulses do result from
positron bremsstrahlung, since the positron end-
point energy is 2.3 MeV, and the Pr is relatively
efficient at producing bremsstrahlung. The net
loss of photopeak coincidence counts caused by
the summing effect was calculated from measured
pulse-height spectra and amounted to 7.1%. The
resulting absolute efficiency for counting the posi-
tron activity from '"Pr was 0.103+0.002.

III. RESULTS
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F&Q. 3. ~4~Pr(p, n) yield (per current-integrator moni-
tor) produced by positrons or electrons incident on the
Be foil. The energy scale is that of the photons from the
in-flight annihilation of positrons.

The '"Pr(y, n) yields generated by the positron
and electron beams incident on the Be foil are
shown in Fig. 3. The energy scale in the figure
is that of the annihilation photons. The data shown
have been corrected slightly for the leakage of sec-
ondary electrons from the Faraday cup. The mag-
nitude of this correction was measured during the
present experiment in the same manner as de-
scribed previously' and was the largest at high en-
ergies. At 24 MeV, the correction resulted in a
1.5% increase for the positron data and a 1.5% de-
crease for the electron data; at 16 MeV the cor-
rection was insignificant. The error bars shown
in the figure include the uncertainties in the Fara-
day cup correction as well as the statistical uncer-
tainties in the activation measurements.

A least-squares polynomial fitting technique was
applied to obtain the best fit to the electron data
shown in Fig. 3, and the results of this fit were
then subtracted from the positron data points
shown in the figure. The difference between the
curve fit to the electron results and the individual
electron data points is reasonable compared with
the error bars on the electron data points and is
typically small compared with the error bars on
the positron data points; consequently, even though
the polynomial fit does not include the effect of the
detailed shape of the cross section, any errors
produced are insignificant compared with the other
errors in the subtracted data.

The results for the '4'Pr(y, n) cross section are
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FIG. 4. Pr(y, n) cross section.

shown in Fig. 4. In the calculation of the cross
section, the measured value' of 0.75+0.03 was
used for the positron-to-K- capture ratio, and the
calculated value' of 0.11 was used for the L-cap-
ture-to-K-capture ratio. The attenuation of the
positron annihilation-in-flight y rays in the Pr
sample and the small activity produced by the sec-
ond interaction of photons which had initially been
Compton scattered within the Pr sample were also
considered in the calculation of the cross section.
The latter effect amounted to -0 mb at 12 MeV,
-7 mb at 17 MeV, and -5 mb at 24 MeV; this ef-
fect varies smoothly as a function of energy. The
error bars shown in Fig. 4 represent the statisti-
cal uncertainties in the activation measurements
and the uncertainties in the determination of the
correction for the emission of secondary electrons
from the Faraday cup; the latter uncertainties are
small compared with the statistical uncertainties.
Additional uncertainties amounting to a9'%%uo are
mainly due to uncertainties in the photon flux, the
efficiency of the NaI crystals for detecting the pos-
itron activities, and the fraction of the '~ Pr nuclei
which decay by positron emission. There is also
an additional systematic uncertainty due to the
electron subtraction procedure; this uncertainty
varies between -0 mb at 16 MeV and +8 mb at 24
MeV.

IV. DISCUSSION

Within the photon resolution and the statistics of

the measurements, the present results indicate
that there is no structure in the '"Pr(y, n) cross
section, with the possible exception of a weak
bump at approximately 17.5 MeV. This statistical-
ly uncertain bump may possibly be explained by
theory, as discussed below. Another possible ex-
planation is that it results from a combination of
statistics and competition effects due to the onset
of the (y, 2n) reaction, which could produce a de-
crease in the (y, n) cross section at energies just
above the bump.

Figure 5 shows the results of the present mea-
surement compared with those of CSS' and
CHWBJG' after our photon spectrum as a function
of energy was folded into the latter two cross sec-
tions. Consequently, the resolution-broadened
cross section of CSS shown in the figure (or that
of CHWBJG in the figure) is the cross section we
would obtain with our resolution if the published
cross section of CSS (or CHWBJG) were the actual
cross section, as measured with infinitely fine
resolution. (If the actual resolution of the brems-
strahlung measurements were considered, the
peaks in the bremsstrahlung curves shown in Fig.
5 would be even more accentuated. ) The data from
our photon resolution measurement at 15.1 MeV
are also shown in the figure. Figure 5 shows that
the present results for the lower part of the giant
resonance disagree with the pronounced structure
of CHWBJG; however, the statistical uncertainties
of the present data are not sufficiently small to
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of our photon spectrum measurement at 15.1 MeV.

comment positively on the weak structure reported
by CSS below -13 MeV. In the region of the peak
of the giant resonance, there is a marked disagree-
ment between the present cross section and that of
CSS. The width of the strong narrow peak that
CSS observed at 15.4 MeV is about 300 keV, when
measured at half its height above adjacent valleys.
The energy difference between this peak and the
next higher peak reported by CSS is about 750 keV.
Qur resolution in this energy region is 180 keV
FWHM. In order for us to miss a significant peak
in the present experiment, the peak would have to
be not only appreciably narrower than our resolu-
tion, but also of limited height (the latter depend-
ing, of course, on the width). For instance, if we
assume a peak which is 50 mb above a smooth
cross section of 350 mb and which has a width of
100 keV (so the area, in the peak would be roughly
5/o of the area. in the 15.4-MeV peak observed by
CSS), then we can crudely calculate that with our
resolution and counting rates we would measure a
cross section that would fall four standard devia-
tions away from a smooth cross section.

It should be emphasized that our raw positron
data, as given in Fig. 3, show directly whether any
structure exists in the cross section within the
resolution and statistics of the data. The analysis

of the raw Pr data simply consisted of subtracting
the electron data from the value of the positron
data point at any given energy; this procedure was
followed for all of the positron data points, and no

unfolding or other complicated analysis was in-
volved in this subtraction procedure. At high en-
ergies the electron data is almost as large as the
positron data, and the statistics are, therefore,
poor on the subtracted result. However, below
about 17 MeV, which is the upper end of the re-
gion of controversy, the electron data are reason-
ably small compared with the positron data, and
hence the statistical uncertainties for the subtract-
ed result are reasonably small. The results of the
positron-electron subtraction essentially give the
cross section, except for factors which are either
independent of the photon energy or else are very
smoothly and slowly varying functions of the pho-
ton energy. Examples of such corrections are the
efficiency of the NaI crystals for detecting the"Pr positron activity or the photon flux per posi-
tron striking the Be foil. Consequently, although
these other factors help determine the absolute
cross section, they are unrelated to whether or
not there is structure in the data.

The simplicity of the present data analysis is
due to the good resolution of the photon beam pro-
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duced by the in-flight annihilation of positrons. As
discussed previously, the photon resolution in the
present measurement was experimentally deter-
mined at 15.1 MeV, which is in the region where
CSS observed the main structure in their cross
section. The data given in Fig. 2 show the resolu-
tion of the present measurement directly, without
the necessity of any additional assumptions or cal-
culations, and show the capability of seeing struc-
ture with the present apparatus. In contrast ta the
narrow y-ray resolution of the present experiment
and the simplicity of the present data analysis, the
bremsstrahlung measurements involve the use of
a y-ray spectrum which has only a small part of
the intensity in the tip of the bremsstrahlung ener-
gy spectrum and which increases in photon inten-
sity with decreasing energy; this bremsstrahlung
spectrum requires a much more complicated data
analysis to unfold the excitation results. Conse-
quently, in a bremsstrahlung experiment, both the
measurement and the data analysis must be done
much more precisely so that disturbing effects are
not introduced in the data.

The present cross section is compared in Fig. 6
with that obtained by Bramblett et al. at Liver-
more. ' In the comparison, the Livermore data
have been shifted upward in .energy by 0.8% to nor-
malize the results to the present measurement.

The agreement between the two measurements is
very good. The magnitude of the present cross
section in the peak is roughly 2% greater than the
Livermore result, or considerably less than the
over-all uncertainty of each of the measurements.
The value of our integrated (y, n) cross section
from threshold to 24 MeV is 1.72 + 0.16 MeV b.
The Livermore integrated (y, n) +(y, pn) cross sec-
tion up to 24 MeV is 1.64+ 0.16 MeV b. The agree-
ment in the shapes of the cross sections as well as
in the integrated values indicates that the '"Pr-
(y, Pn) cross section is small, as would be expect-
ed from the height of the Coulomb barrier. Al-
though an essentially smoothly varying '4'Pr(y, n)
cross section was obtained in measurements with

y rays from the in-flight annihilation of positrons
at both Livermore and this laboratory, it should
be noted that photonuclear cross sections mea-
sured with this technique do not always yield
smoothly varying or structureless results. A
number of cross sections measured at Livermore"
and some unpublished results for the "O(y, n)
cross section measured at this laboratory show
considerable structure. Consequently, the lack of
structure in the Pr cross section cannot be attrib-
uted to the use of y rays from the in-flight annihi-
lation of positrons.

Recently reported measurements of neutron
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FIG. 6. The Pr(y, n) cross section from the present measurement and from the measurement of Bramblett et al. at
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should be small. In the comparison, the Livermore data have been shifted upward in energy by 0.8% to normalize the

results to the present measurement. The error bars do not include systematic uncertainties; these are discussed in
the text.
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spectra from "'Pr(y, n) reactions show some struc-
ture superimposed on a high continuum. " These
data were compared" with the results of CSS' in
an attempt to draw conclusions concerning struc-
ture in the (y, n) cross section. The four signifi-
cant peaks in the neutron spectra" are in an ener-
gy region where the structure of CSS' is very
weak, and these four neutron-spectra peaks are
only partly consistent with the cross-section curve
of CSS. In addition, no neutron-spectra peaks
were seen in the energy region where CSS ob-
served the three very large peaks. Therefore,
even though the neutron spectra are interesting,
it is not clear that they contribute much to resolv-
ing the large inconsistencies between the different
measurements of (y, n) cross sections. In any case,
if the interpretation of neutron spectral experi-
ments is to be unambiguous, the neutrons must de-
cay to only the ground state of the daughter nucle-
us; for the Pr measurements, "the bremsstrah-
lung endpoint energy was -13 to -19 MeV above
the (y, n) threshold, and the neutrons could decay
to one of the many excited states which start as
low as 0.1 MeV. Consequently, structure in the
neutron spectra could reflect variations (with y-
ray energy) in the neutron branching ratios to
states in "Pr. The uncertainty in the interpreta-
tion is further increased by the fact that spin and

parity considerations allow E1 photon capture fol-
lowed by s-wave neutron emission to some of the
excited '"Pr states, but not to the ground state.

The present measurement of the '"Pr(y, n) cross
section has some interesting consequences with re-
gard to theoretical calculations of this cross sec-
tion; these calculations have been done using the
dynamic collective theory, in which the coupling
of dipole oscillators to surface vibrations is treat-
ed." The theoretical cross section for an odd-
even nucleus like '"Pr is typically obtained from
the calculation for a neighboring even-even nu-
cleus, because the effect of the odd particle has
not been treated in the dynamic collective theory,

and because the effect of the extra particle is usu-
ally small compared with the other approximations.
Typically, the parameters, for the neighboring nu-

clei do not vary much; however, in the mass re-
gion of "'Pr, the amplitude of the surface vibra-
tions and the energy of these vibrations varies
considerably, ' with the result that cross sections
with significantly different amounts of structure
are predicted. " The one set of parameters pro-
duces a calculated cross section with the main
state at 15.2 or 15.6 MeV, depending upon the par-
ticular calculation, "and with a weak state at 17.0
or 17.5 MeV." The other reasonable set of pa-
rameters predicts a cross section with five fairly
strong states between about 14 and 17 MeV. ' An

arbituary width of 1.5 MeV has typically been used
for these calculated states. 4 The first set of pa-
rameters is in more reasonable agreement with
the present data, but still fits the data poorly.
However, the first set of parameters with a width
of -4 MeV fits the shape of the experimental data
quite well, including the energy region below the
giant resonance. " In fact, a one-Lorentzian
curve, based on the simpler theory with no cou-
pling to surface vibrations, fits the experimental
data just about as well. The weak state at 17.0-
17.5 MeV predicted by the dynamic collective
theory with the first set of parameters may pos-
sibly account for the uncertain, weak experimen-
tal bump at 17.5 MeV.
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The spins of the four lowest neutron resonances in Er~s~ have been determined by measuring
the transmission of polarized neutrons through a sample of polarized erbium nuclei. The de-
termination of the spins depends solely on the transmission effect and is independent of any
assumption about the sign of the nuclear magnetic moment or the direction of the effective
field at the- target nuclei. The spins were found to be J=I+ 2 =4 for the 0.460-eV resonance
and J=1-&

= 3 for the resonances at 0.584, 6.10, and 9.6 eV. The nuclear polarization of the
sample, obtained as function of the sample temperature at a fixed energy, was fitted to a
theoretical curve, using the magnetic and electric hyperfine splitting constants as fitting pa-
rameters. The values found for the magnetic and electric hfs constants are, respectively,
A/k = -0.085*0.0005'K and P/k = -0.005 + 0.001 K. Taking the nuclear magnetic moment of
Er ~ to be -0.56pz, the corresponding effective magnetic field at the nucleus is 7.26X 10 Oe.

I. INTRODUCTION

Transmission measurements with polarized neu-
trons and targets of polarized nuclei offer a sim-
ple and straightforward way to determine the spins
of low-energy neutron resonances. At low neu-
tron energies, only s-wave-type interactions be-
tween neutrons and target nuclei need to be con-
sidered. Hence, a resonance in the slow-neutron
cross section corresponds to the formation of a
compound nucleus with a definite total angular mo-
mentum J, where J is limited to I+ 2, I being the
spin of the target nucleus.

While, in general, the sign of the nuclear polar-
ization, i.e., the sign of the nuclear magnetic mo-
ment and the direction of the effective field at the
nucleus, must be known in order to make an un-
ambiguous determination of the resonant spin, it
is possible in some cases to make an absolute de-
termination, provided the neutron cross section
contains at least two observable resonances of op-
posite spin states. Preliminary results' on erbium
depended on the assumption of a negative nuclear
magnetic moment and a positive effective magnet-
ic hyperfine field. The present work makes use of
the fact that the two lowest resonances in the neu-
tron cross section of Er'" have opposite spin and

that, therefore, the spins can be determined di-
rectly from the measurements of the transmission
effect without any additional assumptions.

Since erbium has a very large magnetic hyper-
fine field, large transmission effects could be ob-
tained which allowed the determination of the mag-
nitude and the sign not only of the magnetic hfs
constant but also of the electric hfs constant.

II. THEORY OF TRANSMISSION EXPERIMENTS

A. Absolute Spin Determination

The theory describing the interaction of polar-
ized neutrons and polarized nuclei has been devel-
oped elsewhere in detail. ' Therefore, it is only
necessary to present some of the pertinent equa-
tions here.

In order to represent the measurements with po-
larized neutrons parallel and antiparallel to the
spin of the target nuclei, it is convenient to define
a quantity (8), the transmission effect,

CJ, C~
+V' C +C

where 1'» K„and C» C„are, respectively, the
transmissions and counting rates for parallel and
antiparallel combination of neutron and target spin.


