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of the crystal was periodically changed by a heat leak
from 1.5'K to 7'K. A small, reversible, and reproducible
anisotropy of about s% was observed, several times
larger than background noise. The sign of the anisotropy
reversed after the crystal was rotated through 90', as
expected; the sign did not change on rotation of 180'.

From this experiment we can conclude definitely that
I(Np"') ) ts, since a p-ray anisotropy is not possible for
nuclei with I= 2. This result is consistent with that of
Hubbs and Marrus, s who find I(Np"') = s by radioactive
atomic beam methods.

' J. C. Hubbs and R. Marrus, Phys. Rev. 110, 287 (1958).
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The total photoneutron yield curves for Sn, I, La, Ce, Sm, Tb, Ho, Er, Yb, Ta, Au, and Pb have been
measured for x-ray energies from 7 to 40 Mev with about one percent statistical uncertainty. The Penfold-

Leiss matrix was used to convert these yield curves to integrated neutron yield cross sections directly without
smoothing the original activation curves. The cross sections derived from the integral curves were corrected
for multiple neutron emission above the h, 2e) threshold using the statistical model. The widths found for
the giant resonances for the closed-shell nuclei decreased from 5 Mev to 3.8 Mev in going from Sn to Pb.
The widths for the elements having large nuclear deformations for most of their isotopes were considerably
broader. These widths decreased slowly from 8.6 Mev for Sm to 6 Mev for Ta. These widths are consistent
with the broadening of the giant resonance to be expected on the Danos model if values of the intrinsic

quadrupole moment are taken from Coulomb excitation data. The neutron yield cross sections corrected
for multiple neutron emission were integrated to 22 Mev. Using these integrals and defining f by J'adE
=0 06(iVZ/A) f,. these data gave an average value of f=1.34&0.21.

INTRODUCTION

' T has recently been suggested by both Okamoto' and
~ ~ Danos' independently that on a classical hydro-
dynamic model of the nucleus one might expect the
giant resonance for a deformed unoriented nucleus to
be split into two resonances. These two resonances
would be associated with the major and minor axes of
the nucleus. In the case of a nucleus with positive
intrinsic quadrupole moment the "giant resonance"
would be made up of a low-energy resonance shifted to
an energy slightly lower than that expected for a
spherical nucleus of the same mass number and a high-

energy resonance shifted to a slightly higher energy.
Danos' has pointed out that the area under the low-

energy resonance would be one-half that under the

higher energy resonance.
In a "poor resolution" measurement of the giant

resonance the splitting resulting from the ground-state

deformation would not be observable. The eAect of the

deformation might, however, show up as a statistically

significant broadening in the giant resonance compared

to that obtained for a nearby spherical nucleus. Con-

sistent with this picture is the observation of the

Pennsylvania group' that the giant resonances for
closed-shell nuclei are narrower than those in general
observed for other nuclei. It was the object of the
present work to see if the large intrinsic quadrupole
moments of the rare earth nuclei were rejected in the
total width of the giant resonance for these nuclei.
The total neutron yield curve was measured for a series
of twelve nuclei ranging from tin through the rare
earths to lead. Measurements were made from the

(y, ts) threshold in each element up to about 40 Mev.
The samples were all of normal isotopic abundance.
The preliminary results of this work have been reported
previously. '

EXPERIMENTAL APPARATUS AND PROCEDURES

The method used in this study was similar to that
which has previously been used in studies of the total
neutron yields from various elements. "The experiment
consisted of measuring the number of neutrons emitted
from a series of samples as a function of the peak
betatron operating energy. The experimental arrange-
ment is shown in Fig. 1. The neutron detector is of
conventional design' containing eleven SF3 counters
connected in parallel. The amplified pulses from the

*This work supported by the U. S. Atomic Energy Commission.

t Presently on educational leave at the Massachusetts Institute
of Technology, Cambridge, Massachusetts.

i K. Okamoto, Progr. Theoret. Phys. Japan 15, 75 (1956).
s M. Danos, Bull. Am. Phys. Soc. Ser. II, I, 199 (1956);Nuclear

Phys 5, 23 (19S8)..

'R. Nathans and J. Halpern, Phys. Rev. 73, 437 (1954);
R. Nathans and P. F. Vergin, Phys. Rev. 98, 1296 (19SS).

4 Fuller, Petree and Weiss, Chicago Photonuclear Conference,
November 1956 (unpublished report); Petree, Weiss, and Fuller,
Bull. Am. Phys. Soc. Ser. II, 2, 16 (1957).

s Halpern, Mann, and Nathans, Rev. Sci. Instr. 23, 678 (1952).
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TABLE I. Target properties and results.
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FIG. 1. Experimental arrangement. X-ray beam is collimated by
brass insert in nickel and lead shielding wall.

Sn
I
La
Ce
Sm
Tb
Ho
Fr
Yb
Ta
Au
Pb

Sn
I
La
Ce
Sm202
Tb407
Ho203
Er203
YbgOg
Ta
Au
Pb

Element Form used
Weight
grams

4.81
8.55

10.43
4.99
2.90
3.04
1.87
5.41
5.57
8.41
3.16
8.05

0(~ n)
barns

0.30
0.36
0.34
0.45
0.26
0.39
0.41
0.50
0.50
0.49
0.68
0.75

SodEb
NZ/A
Mev-b

0.064
0.085
0.063
0.080
0.073
0.087
0.079
0.100
0.090
0.077
0.085
0.081

04plra

Mev

5.0
6.0
5.2
4.5
8.6
8.7
7.5
8.5
7.0
6.0
4.2
3.8

counters after passing through an integral discriminator
were gated so that only those pulses occurring within a
400-psec gate were counted. The sensitivity of the
detector was checked as follows:

Its absolute sensitivity was determined daily by
placing a calibrated Ra-Be (n,e) source inside the
detector and observing the counting rate. ' The uni-
formity of the response of the detector to fast neutrons
was shown by the fact that the ratio of the neutron
yield from a carbon sample placed inside the detector
to the yield of C"(&,N)C" activity induced in a sample
exposed to the same beam was constant as the brems-
strahlung energy was varied by about 4 Mev. In
addition, the ratio of the calculated neutron yield to
the measured yield from the deuterium in a heavy water
sample was constant to within 4% as the bremsstrahlung
energy was varied from 6 to 19 Mev.

The 400-@sec gate, used when counting the photo-
neutrons from samples placed inside the detector, was
set to open about 20 @sec after the x-ray yield pulse.
Studies made of the distribution of these counts with
respect to time after the x-ray burst indicated that
82% of all the counts occurred during the period that
the gate was open. Combining this with the eKciency
of 6.3%%uo found for the continuous Ra-Be (n-n) neutron
source gave an over-all neutron detection eKciency
of 5.2%%uo

The energy flux in the bremsstrahlung beam pro-
duced by the betatron was determined from the charge
collected from the thin aluminum-walled transmission
ionization-chamber monitor shown in I"ig. 1. The re-
sponse of this chamber in terms of the energy flux
incident on its front face was determined by comparison
with a chamber which had previously been calibrated
over the energy range from 8 to 40 Mev by one of us
(E.G.F.) using the scintillation spectrometer method. r

The energy scale of the betatron was determined by

6The absolute sensitivity for detecting 30-kev neutrons was
also determined by placing a calibrated Sb-Be photoneutron
source within the detector. As might be expected B. Rossi and
H. H. Staub, Ionization Chambers and Counters McGraw-Hill
Book Company, Inc. , New York, 1949),p. 192j, the sensitivity for
these neutrons was approximately 75% of that found for the
Ra-Be (n, a) source.

7Koch, Leiss, and Pruitt, Bull. Am. Phys, Soc. Ser. II, I,
199 (1956).

a tro(y, n) is the maximum value and "F" the full width at ao(y, n)/2 of
the neutron production cross section corrected for multiple neutron emis-
sion. Data were not fitted with resonance lines to determine these values.

b Integrated neutron production cross sections corrected for multiple
neutrons above (y, 2n) threshold.

observing the threshold for scattering by the 15.11-Mev
level in C", and by the (y, ts) thresholds in H' (2.2 Mev),
Pb I (6.75 Mev), Au' r (8.0 Mev), Cu s (985 Mev),
and Als' (12.8 Mev). These thresholds fell on a straight
line when plotted against the betatron's energy control
setting. A linear extrapolation of this curve was used
to give the energies above 15 Mev. This extrapolation
has been shown to be valid to better than 5% by the
endpoint determinations made in the elastic scattering
experiment. '

Table I gives the properties of the various elements
from which the neutron yield was measured. The rare-
earth oxides were all exposed in thin polyethylene
cylinders of about 1 square centimeter in cross section.
The samples were exposed in the center of the neutron
detector with their axes parallel to the x-ray beam
running through the detector. All samples except the
lead were smaller in diameter than the beam. The
electronic absorption in the samples was usually about
10% but was as high as 25% in the case of lanthanum.

The total neutron yield from each of the samples
listed in Table I was measured as a function of brems-
strahlung energy from the (y, ts) threshold up to about
40 Mev. From threshold to about 19-Mev data were
taken approximately every 600 kev. Above 19-Mev
data were taken approximately every 1.2 Mev. At each
point the neutron yield was measured with a statistical
uncertainty (1/ge) of about 1%%uo except in the energy
region near threshold.

The activation curve for each sample was measured
by taking data at a series of either continuously in-
creasing or decreasing energy points. This method of
taking data had the advantage that the eGects of any
small drifts in the betatron's energy calibration on the
shape of the cross section derived from the activation
curve were minimized. Any such shifts were shown to be
less than 100 kev at 18 Mev by periodically checking the
neutron yield from a copper sample at this energy.

s F. G. Fuller and E. Hayward, Phys. Rev. 101, 692 (1956).
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For bremsstrahlung energies greater than 20 Mev it
was necessary to interrupt, the measurements every
forty minutes to cool the betatron. After a cooling
period„ the previous two or three points on the activa-
tion curve were always repeated before proceeding to
new energies. Measurements were continued only when
the yields measured after a cooling break agreed with
those taken just before the break. At times it was
necessary to run the betatron for five to ten minutes
before reproducible results were obtained.

The background was determined by measuring the
activation curve for the empty sample holder. This
background amounted to less than 3% of the neutron
yield from any of the samples. In order to correct for
the oxygen contribution to the neutron yield from the
rare earth oxides, the neutron yield from a water sample
was measured up to 40 Mev. This correction amounted
to a maximum of S%%uq. At the higher energies and from
the larger samples it was necessary to cut down the
yield from the betatron in order to keep counting losses
to a minimum. The correction for this efI'ect was deter-
mined by measuring the neutron yield at a given energy
as a function of the time taken to collect a given charge
from the transmission ionization chamber. This cor-
rection was as high as S%%uq in a few cases, but usually
was less than 3%%uo.
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ANALYSIS OF THE DATA

The fact that large Ructuations are obtained in a
cross section calculated directly from the experimental
data of a yield curve measured with 1%%uo statistical
accuracy has led to the usual procedure of drawing a
smooth curve through the measured yield points. '
These curves are sometimes smoothed as far as the

second diGerences, While this smoothing has the desired
efI'ect of reducing fIuctuations in the cross section it may
smooth out real structure. In addition, since small
changes in the way that a smooth yield curve is drawn
through the experimental points can produce large
changes in the cross section, the method is highly sub-
jective. The best way to overcome these difIiculties is
to measure yield curves with sufficient accuracy as to
make possible the calculation of a statistically signifi-
cant cross section from the actual experimental data
without smoothing. To do this would require the
measurement of the yield curve with a statistical
accuracy of at least one order of magnitude better than
the measurements made in this experiment.

Since the data taken in this experiment were not of
sufhcient statistical accuracy to allow the cross section
to be calculated directly from the experimental data,
the method of analysis used was one based in part on a
suggestion by Cook." The method consisted of using
the inverse bremsstrahlung matrix of Penfold and
Leiss" to calculate the integrated neutron cross section
as a function of the upper energy limit of the integral.
The experimental data points were used without any
smoothing to calculate this running integral, A smooth
curve was then drawn through these points. First
differences of these curves were then taken to give the
cross section histograms. Recent measurements, with
similar geometry, of the shape of the bremsstrahlung
spectrum from the betatron used in this experiment
show that the use of the Penfold-Leiss tables to analyze
these data is well justified. "

The advantages of this type of analysis are numerous.
Both the integral cross section, I(Ep), calculated in this
way and the cross section, o. (E,), obtained by taking the
first difference of I(Ep) are well defined in terms of the
true cross section, a(E). Leiss and Penfold"" have
shown that

I(Ep) =go (E,)DE= o (E)T'(E,Ep)dE,

m 80—
O
D
O

wa. 60—
V)I-z
O

W 40
1-

w
K

I
7

0
o

0
0

o
o

poo
rb8P I I I I

10

o o
0

0
0

0
0

oo
RiGHT SCALE0

9
0

0

l ( I I I f I I I I f

15 20 25
ENERGY, Mev

0
0 0

I I I I
50

0
55

where T (E,Ep) is a weighting function defined in terms
of the inverse matrix. This function has been shown to
a good approximation to have the value one up to
(Ep—AE) and to then fall off with the shape of a brems-
strahlung spectrum having a maximum energy Eo.
Similarly these authors have shown that o (E;) derived
from I(Ep) is very closely given by the average over
AE of the true cross section weighed with a function
having the shape of a bremsstrahlung spectrum with a
maximum energy (E~+sAE).

A further advantage of this type of analysis is that
the statistical errors for I(Ep) can be obtained directly

Fro. 2. Measured neutron yield curve for holmium. The points
represent the relative number of neutrons per coulomb collected
from transmission ionization chamber. Corrections have been
made for background and the oxygen content of the sample.

P L. Katz and A. G. W. Cameron, Can. J. Phys. 29, 518 (1951).

"B.C. Cook, Phys. Rev. 106, 300 (1957).
"A. S. Penfold and J.E Leiss, Phys. R. ev. 95, 637(A) (1954).
"Fuller, Hayward, and Koch, Phys. Rev. 109, 630 (1958)."J.E. Leiss (private communication). See also, A. S. Penfold

and J.E. Leiss, Analysis of Photo Cross Sections (Physics Research
Laboratory, University of Illinois, Champaign, Illinois, $958).
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by propagating the errors of the individual points of
the activation curve through the inverse matrix. It can
be shown for a typical activation curve that the errors
in I(Es) while being considerably larger than those
associated with the original points on the activation
curve are about 2.5 times less than those that would be
obtained by summing the errors on the individual cross
section points in the usual way. I(Es) is then fairly
well determined by a 1% activation curve. For such a
typical curve the statistical errors range from 4%
where the cross section is rising, to 6% on the high-
energy side of the giant resonance, to 11%at 38 Mev.
It should be pointed out that by not smoothing the
experimental data until the curve I(Es) has been
obtained it is possible to see directly the effects of
smoothing on the final cross section o (E;).

The data for this experiment were unfortunately
taken at 6xed settings of the betatron energy control
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FrG. 4. Neutron yield cross section. The points represent the
cross section obtained by applying the Leiss-Penfold matrix
directly to the points of Fig. 3. The histogram is the result of
taking the Grst differences of the smoothed integral cross section
curve given in Fig. 5(b).
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—200 then applied to these data to obtain the cross section
which was then summed to give the integral cross-
section curve plotted in Fig. 5(b). In Fig. 4 the raw
cross section obtained from the unsmoothed data points
is compared with the histogram obtained from the
smoothed integral cross-section curve drawn through
the points in Fig. 5 (b). The fluctuations in these points
are completely consistent with the statistical errors in
the original data.

RESULTS AND DISCUSSION
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FIG. 3. "Shifted" neutron yield curve for holmium.
For description see text.

rather than at the definite energies required for use
with the Penfold-Leiss matrix. This procedure of taking
data required that the data be shifted so that they could
be used with the inverse matrix available. This shift
was accomplished as follows: The data were plotted
after making corrections for target-out background and
the oxygen content of the sample. As an example,
Fig. 2 gives a plot of the measured yield curve from
holmium. A smooth curve was drawn by eye through
these points. The slope of this curve was used to shift
the experimentally observed points to the energies
required for use with the Leiss-Penfold matrix. These
data are plotted in Fig. 3 for holmium. Each point on
this curve was obtained by shifting the nearest, or in
some cases, the two nearest experimental points to the
energy required for the inverse matrix. These points
contain all of the experimental fluctuations in the
original data points. The Leiss-Penfold matrix was

The integral cross-section curves for six of the twelve
elements studied are given in Figs. 5(a) and 5(b). The
solid histograms in these figures are the total neutron
yield cross sections obtained by taking first differences
of the smooth integral cross section curve. These curves
have all been normalized to give approximately the
same total neutron yield at 40 Mev. Since these cross
sections represent the total neutron yield rather than
the photon absorption cross section, the giant resonance
indicated by them is broadened by the effects of multiple
neutron emission above the (y, 2e) threshold. The
dashed histograms represent an attempt to correct for
multiple neutron emission. This correction was made
using the expression for neutron multiplicity based on
the statistical model as given by Blatt and Weisskopf. "
This expression has been shown to give an approxi-
mately correct description of the (&,2e) process in the
case of tantalum. " The nuclear temperature used in
these calculations ranged from j..4 Mev for tin to 1.25
Mev for lead. For nuclei up to samarium the (y, 2rs)

' J. M. Blatt and V. F. Weisskopf, Theoretical Suclear

Physics

(John Wiley and Sons, Inc. , New York, 1952), p. 379."E.A. Whalin and A. O. Hanson, Phys. Rev. 89, 324 (1953);
Carver, Edge, and Lokan, Proc. Roy. Soc. (London) A70, 415
(1957).
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Fro. 5. Relative photoneutron production cross sections for tin, iodine, samarium, holmium, erbium, and lead. The points and smooth
curves represent the integral neutron-production cross section defined by Jpor„(E)dE, where frr„(E)=o(y,n)+2o(y, 2n)+fr(y, pn)
+3o (y,3n)+. . .. The scales are normalized to give approximately the same total neutron yield at 40 Mev. The errors indicated were
obtained by propagating the statistical uncertainties, (gn), in the original activation curve data through the integral cross section ma-
trix. Solid histograms re resent 6rst differences of integral cross section curves. Dashed histograms shove result of correcting for neutron
multiplicity above the 7,2n) threshold.

thresholds were taken from the binding energies as
given by Johnson and Nier and in the compilation by
Wapstra. " For the other nuclei the binding energies
were calculated from Levy's semiempirical mass for-
mula. '~ No attempt was made to correct for multiple

'o W. H. Johnson and A. O. ¹er,Phys. Rev. 105, 1014 (1957);
A. H. Wapstra, Physics 21, 367 (1955).

fr H. B.Levy, Phys. Rev. 106, 1265 (1957).

neutron emission above the (y,3fs) threshold. The
dashed histograms indicate that the use of a neutron-
multiplicity correction based on a more detailed calcu-
lation and extending to higher energies would have the
eGect of greatly decreasing the high-energy tail shown

by the total neutron-yield cross section. It is obvious
from the figures that correcting the total neutron-yield
cross section for two-neutron emission both removes
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TABLE II. Energies of resonances in deformed nuclei. '
s s

ie -&o
0 0

I I I I

0 7g7A

I I I

Nucleus
Qo Ea

Mev barns Method Mev
&1(2 &112+

Mev Mev Mev 52.94

65Tb159
g7Ho165
68Er167
68Er164
78Talgl
78Ta181
7gAu187

14.7
14.5
14.5
14.5
14.1
14.1
13.6

6.9b
7.8b

21b
7.8b

12.6o
6.8b

75o

CE 11.9
CE 11.5
SC 85
CE 11.6
SC 10.5
CE 11.9
SC 12.5

16.2
16.0
17.5
15.9
15.9
15.2
14.1

10.8 19.5
11.0 18.5
11.5 20.0
11.5 20.0
11.3 17.3
11.3 17.3
11.8 16.2

I2 ~

e-
~pt

a CE—Coulomb excitation; SC—spectroscopic; P1(2, B1g2+—energies at
which giant resonance drops to half its maximum value.

b Adler, Bohr, Huus, Mottelson, and Winther, Revs. Modern Phys. 28,
432 (1956).

e M. L. Pool and D. N. Kundu, Chart of Atomic Nuclei (Longs College
Book Company, Columbus, 1955). CI
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some of the fluctuations in the shape of the giant reso-
nance from one nucleus to another and makes the cross
sections more symmetrical about some mean energy.

The absolute neutron-yield cross sections as well as
the parameters of the giant resonance for the nuclei
studied in this experiment are summarized in Table I
and Fig. 6. The widths and the energies of the
center of the giant resonance for these nuclei are
determined to within 0.5 Mev by these data. The
values quoted for the integrated (y,n) cross section up
to 22 Mev are probably good to about 20%. Of this
uncertainty about 10% results from counting statistics.
The remainder is the result of uncertainties in the size
of the beam through the neutron detector (&15%), in
the correction for multiple neutrons (&5%), and in the
monitor calibration (&3%). Similarly the peak cross
sections are good to about 25%.

The integral cross sections corrected for neutron
multiplicity can be compared with the result given by
the dipole sum rule. "This can be written as

SZ
odE=0.06 f,

A

where f is the factor by which the sum for ordinary
forces is enhanced as a result of the presence of ex-
change forces. The cross sections corrected for neutron
multiplicity as given in Fig. 5 have been summed to
give the total integrated cross section up to 22 Mev.
These data, divided by XZ/A, are given in Table I.
Within the errors of the individual point. s each one is
consistent with a single value of f for all of these nuclei.
Averaging the individual values gives f=1.3 &4.012.

This value of f should be increased by a maximum of
about 15% to take into account the fact that the
integral of the cross sections given in Fig. 5 does not
represent the complete integral of the absorption cross
section. This estimate is the result of sting several of
the curves for closed-shell nuclei with I orentz lines and
integrating these cross sections over all energies.

The mean energy of the giant resonance as plotted
in Fig. 6 is consistent with an A & dependence although
the A "' dependence cannot be completely ruled out as

"J.S. Levinger and H. A. Bethe, Phys. Rev. 78, 115 (1950).

Pro. 6. Mean energy and width of giant resonances. "E0"and"I'"are the mean energy for photon absorption and the full width
at half maximum of the giant resonance obtained from dashed
histograms as in I'ig, 5. No attempt was made to fit data with
resonance curves to obtain these parameters.

inconsistent with these data. The width of the giant
resonance as given in Table I and Fig. 6 broadens
rapidly at samarium, the erst element studied having
isotopes in the region of large nuclear deformations.
The widths then slowly decrease as the closed-shell
region at lead is approached. These data are not suS.-
ciently accurate to be able to establish the existence of
a double peak for the deformed nuclei as predicted by
Danos and Okamoto. The integral cross section curves
for these nuclei, however, are not incorisistent with such
a cross section shape. Further work has been carried
out in this laboratory to establish this feature of the
giant resonance for some of these nuclei. "

For a deformed nucleus, the width of the giant reso-
nance measured with poor resolution results from the
intrinsic widths associated with the individual reso-
nances and the separation of these resonances. Qualita-
tive estimates can be made for the widths to be expected
based on measured quadrupole moments, but good-
resolution experiments are required before any quantita-
tive results can be obtained. These estimates can be
made in the following way. The mean energy of the
giant resonance for a deformed nucleus is given approxi-
mately by

E = (E,+2Eb)/3,

where c and b refer to the major and minor axes of the
nucleus. Danos' has shown that the relation between
E„E~, and these axes is given by

Eb/E =0.911X+0.089,

where X= a/b, the ratio of the major to minor axis. In
terms of u and b the intrinsic quadrupole moment is
given by

(),= -', Z(~' —bs) = -,'ZZ, a *(X —1)/X'*

where Ro is the constant in the expression for the
nuclear radius R= ROA&.

"See E. G. Fuller and M. S. Weiss, Phys. Rev. 112, 560 (1958),
following paper.
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Values of the intrinsic quadrupole moment can be
obtained from spectroscopic and from Coulomb excita-
tion data. Using the expression E =79.7A & to give
the mean energy for the giant resonance and measured
values of the quadrupole moments, the energies E and

E~ can be calculated from the above expressions. The
results of several such calculations are given in Table II.
If the intrinsic widths associated with the two axes are
assumed to be the same as that for an undeformed
nucleus, i.e., approximately 4 Mev, the half-maximum

points would be expected to occur about 2 Mev below

E, and 2 Mev above E~. The last two columns of
Table II give the half-maximum points obtained from

Fig. 5. In comparing these energies it should be pointed
out that the value of E;+ will depend much more

critically on the correction made for neutron multi-
plicity than will the value of E; . The values of E,
and E~ calculated from the Coulomb-excitation-de-
rived quadrupole moments are in reasonable agreement
with the half-maximum energies found in this experi-
ment. Since the large quadrupole moments obtained
from the spectroscopic measurements give values of E
less than the half-maximum energy E~, these moments
are in disagreement with the widths obtained for these
giant resonances.
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photoneutron yield measurements have been made for terbium, tantalum, and gold with good energy
resolution from threshold up to 25 Mev. Neutron-production cross sections were obtained directly from
the experimental points without smoothing the raw data. Corrections were made for the multiple production
of neutrons above the (y,2n) thresholds. The giant resonances for terbium and tantalum were found to be
split into two resonances as predicted by Okamoto and Danos. The giant resonances for all three nuclei were
fitted by the superposition of two Lorentz shape resonance lines. The intrinsic quadrupole moments de-
termined from these fits to the experimental data were: terbium, +5,6~0.6 barns; tantalum, +5.1~0.3
barns; and gold, +1.6&0.6 barns.

1. INTRODUCTION

HE giant resonances of closed-shell nuclei have

been observed to be appreciably narrower than

those of nuclei situated between closed shells. ' Previous

work' in this laboratory indicated that the giant

resonances of the rare-earth nuclei were larger than

any previously observed. %hile not established by that

experiment, the data obtained for terbium, holmium,

erbium, ytterbium, and tantalum were consistent with

the giant resonance for these nuclei being split into two

peaks. These results were all in accord with the pre-

dictions of Okamoto' and Danos4 that the giant reso-

nance for a deformed nucleus should be split into two

resonances. The extension of the hydrodynamical model

*This work supported by U. S. Atomic Energy Commission.
$0n educational leave at Massachusetts Institute of Tech-

nology, Cambridge, Massachusetts.
' R. Nathans and J. Halpern, Phys. Rev. 93, 437 (1954);

R. Nathans and P. J. Yergin, Phys. Rev. 98, 1296 (1955).
s Fuller, Petree, and Weiss, Phys. Rev. 112, 554 (1958), pre-

ceding paper.
s K. OkamotoProgr. , Theoret. Phys Japan. 15, 75 (1956);

Phys. Rev. 110, 1113 (1958).' M. Danos, Bull. Am. Phys. Soc. Ser. II, 1, 135 (1956).

for the nuclear photoeGect' made by Okamoto and

Danos leads to a giant resonance energy being associ-

ated with each of the axes of a deformed nucleus. ' '
It was the object of the present work to examine with

good energy resolution the details of the shape of the

giant resonance for two highly deformed nuclei and of
one having a considerably smallei deformation to see

if the details of the resonance shapes for such nuclei

would conhrm the predictions of Danos. ' The nuclei

terbium, tantalum, and gold were chosen for study~

because they were available in moderate quantities in

monoisotopic form.

'M. Goldhaber and E. Teller, Phys. Rev. 74, 1048 (1948);
J. H. D. Jensen and P. Jensen, Z. Naturforsch. Sa, 343 (1950).' M. Danos, Nuclear Phys. 5, 23 (1958).

7 Some of the preliminary results of this experiment were re-
ported at the Stanford Conference on Nuclear Sizes and Density
Distributions LG. M. Temmer, Revs. Modern Phys. 30, 498
(1958)g. In agreement with these results B. M. Spicer (private
communication) has also observed the splitting of the neutron
production cross section for tantalum. These data were analyzed
by smoothing the experimental activation curve. The authors
want to thank Dr. Spicer for sending them his preliminary results.


