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The difference in the total neutron cross section due to nuclear orientation, &Od~~, has been
measured for Ho over the energy range of 2 to 135 MeV. The results show that 6adef oscil-
lates as well as changing sign, contrary to our classical concept of the interaction. The data,
both at and 40d~f, are successfully fitted by adiabatic coupled-channel calculations using the
optical model. The parameters for the optical model were determined by fitting 0., and OR

data (over approximately the same energy range as in the present work) for the two spherical
nuclei Cd and Pb. The only additional quantity introduced was the quadrupole deformation pa-
rameter fOr 5HO WhiCh iS knOWn tO be 0.33. The data fOr &ada Can alSO be ezplained quite
well by a simple semiempirical model which makes use of the black-nucleus model, the nuclear
Hamsauer effect, and the experimental o, data. The temperature dependence of &0'd~f agrees
very well with our calculated values for the degree of nuclear orientation, which is consistent
with Ho being almost a pure quadrupole-shaped nucleus.

I. INTRODUCTION

In order to study the effect on the total neutron
cross section of changing the spatial orientation
of a deformed nucleus, holmium-165 plays a
unique role, since it is a highly deformed nucleus
which occurs monistopically and can be easily
oriented. ' This effect is called the nuclear-defor-
mation effect, &od, f, and it is defined as the dif-
ference in the total neutron cross section due to
nuclear orientation; &o'd, f = o,(oriented) -o',(unori-
ented). It was first measured for "'Ho by Wagner

et aE.' using 0.35-MeV neutrons. Subsequent mea-
surements were also made on "'Ho at neutron en-
ergies of 14 MeV' and at 8 and 15 MeV. '

If one considers the interaction of a neutron with
the prolate-shaped holmium nucleus in the frame-
work of the black-nucleus model, ' the sign of 4od f
would always be positive if the nucleus were ori-
ented perpendicular to the neutron beam, and nega-
tive if it were oriented parallel to the neutron
beam. Of course, one should not expect this sim-
ple model to be valid at the neutron energies used
in the above four measurements, since the relation
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kR» 1 is not yet valid. ' Furthermore, the total
cross section of "'Ho was known up to 15 MeV'
and was not a monotonically decreasing function
as the black-nucleus model predicts, viz. , o,
= 2v(ft+f )'

In contrast, the optical model should be quite
useful in understanding the nuclear-deformation
effect. Using this model, a distorted-wave Born
approximation (DWBA) calculation' of &&q,f was
made for neutrons of 2, 5, and 14 MeV before any
experimental results were obtained. The results
of this calculation showed that the value of «Q f
at 5 MeV was of opposite sign to that predicted by
the black-nucleus model. A detailed analysis of
boq, q using the adiabatic coupled-channel (ACC)
calculation' covering the energy range of 0.35 to
15 MeV was reported with the 8- and 15-MeV ex-
perimental results. 4 This calculation, using rea-
sonable values for the optical-model parameters,
fitted these two experimental points, as well as
the 0.35- and 14-MeV points previously measured.
It also showed that 4oQgf undergoes an oscillation
as well as a sign change, with the latter taking
place between approximately 2 and 7 MeV. Thus,
although the magnitude and sign of ~oq, ~ for the
four measured values [two (0.35 and 14 MeV) with
the nuclei oriented perpendicular to the beam and
the other two with the nuclei oriented parallel to
the beam j were in good agreement with the ACC
calculation, the signs of all four values were also
in agreement with the predictions of the black-nu-
cleus model. It would, therefore, seem worth-
while to make further measurements of 4oq, f in
this energy range in order to verify the sign change
and oscillation predicted by the ACC calculation.
One can also raise the questions: Does the ACC
calculation predict further oscillations in ~@~,f at
higher neutron energies (&15 MeV) and can they
be experimentally verified 'P

Although the total neutron cross section for hol-
mium was not measured above 15 MeV at the out-
set of this work, it was known that it should exhibit
broad maxima and minima as a function of energy.
Measurements made of other nuclei covering an

energy range of up to 120 MeV have shown this be-
havior. " In fact, the experimental evidence is
that there are three continuous families of broad
maxima and minima in the total neutron nuclear
cross sections (we are ignoring the broad maxi-
mum which appears at much hi.gher energies, 1.5
to 2 GeV) and furthermore these shift to higher
energies as the mass number (and thus the radius)
of the target is increased. The interpretation of
these has been made by Lawson" in terms of inter-
ference effects between the neutron wave going
through and around the nucleus. A more detailed
analysis was made by Peterson" who showed that

one could interpret these broad maxima and mini-
ma in an analogous fashion to the Ramsauer effect
in the low-energy scattering of electrons by noble
gases; hence the name "nuclear Ramsauer effect. "
McVoy" and Franco' have discussed these phe-
nomena further.

Since the ACC calculation predicts that &o(j f
undergoes an oscillation with a sign change in the
energy region &15 MeV (with perhaps further oscil-
lations at higher energies) and the black-nucleus
model does not, we would want to dismiss it com-
pletely in understanding this effect. If we keep in

mind, however, that experimentally the maxima
and minima in the total cross section move towards
higher (or lower) neutron energies as we increase
(or decrease) the radius of the target nucleus, then
we must take this into account when we orient a
deformed nucleus. Thus, the following two-step
semiemperical model can be evolved in an attempt
to understand the behavior of 4oq, f in a simple
way: First, there is a decrease in the total cross
section of the target when we orient the prolate
nucleus with its symmetry axis along the beam
direction. This reduction in the total cross section
is just the amount calculated using the black-nu-
cleus model. Second, there is a corresponding in-
crease in the effective path length of the nucleus
which causes the maxima and minima in the total
cross section to shift to higher energies. The de-
tails of this model are described in Sec. VI of this
paper. It is rather obvious that the resulting
o,(oriented) curve calculated using this model
would be similar to the experimentally determined
o,(unoriented) curve, but depressed by the black-
nucleus amount and shifted slightly to higher ener-
gies. Upon subtracting these two curves to obtain
4oq, ~ one gets a curve which would oscillate and

go negative under the right conditions. Since, as
we mentioned previously, the total cross section
of "'Ho has been measured up to 15 MeV, we cari
make an exact calculation of «q, ~ using this semi-
empirical model and compare these results to
those of the ACC calculation. 4 However, we would

still only be able to compare these to the four
measurements made of &oQ f.

Although it would be useful to make more mea-
surements of &0'q, f over this energy range, it
would be worthwhile to also extend the measure-
ments to as high a neutron energy as possible.
This, of course, should be accompanied by a com-
plete theoretical analysis of &oQgf using the ACC
calculation as well as seeing if our semiemperical
model is valid. Thus the present work, which con-
sisted of experimentally determining 4oq, f over aD

energy range of 2 to 135 MeV along with the theo-
retical analyses, was undertaken.

Since the only existing facility to carry out these



1864 MARSHAK, LANGS FORD, TAMURA, AND WONG

total-neutron-cross-section measurements was at
the Atomic Energy Research Establishment (AERE)
Laboratory, Harwell, England, the National Bu-
reau of Standards 'He refrigerator was shipped
there. In Sec. II A this facility and the experimen-
tal arrangement are described. As our "'Ho sin-
gle crystal" was too thin for these new measure-
ments and no thicker one was available, we used
a thick polycrystalline sample in a similar manner
to Ref. 4. The new cryostat, which had to be built
to incorporate a large superconducting solenoid
mounted at right angles to the vertical axis of the
cryostat is described in Sec. II B.

In our discussion so far we have treated the "'Ho
nucleus" as if it were a pure prolate quadrupole,
and although some evidence existed for this, no
definitive experiment was done until Hendrie eI; al. '6

measured the higher-order components in the
shapes of the rare-earth nuclei by n scattering.
Our results, which were analyzed about the time
that their results became available, can be shown
to be consistent with the assumption that the shape
of the "'Ho is very nearly pure quadrupole. Since
this conclusion depends intimately on the values
for the nuclear-orientation parameters, "which in
turn depend upon the model used for the atomic
magnetization of "'Ho, we present the calculation
of these parameters in detail in Sec. III. The ex-
perimental results are presented in Sec. IV. In
Sec. V the theoretical analysis is given in terms of
coupled-channel calculations, while Sec. VI gives
theoretical arguments based on the black-nucleus
model and the nuclear Ramsauer effect. The con-
clusions are given in Sec. VII.

II. EXPERIMENTAL ARRANGEMENT

A. Neutron Facility and Experimental Procedure

Measurements of the total neutron cross section
and the nuclear-deformation effect for ' 'Ho were
made over the energy range of 2 to 235 MeV using
the neutron time-of-flight spectrometer" associat-
ed with the Harwell synchrocyclotron.

The method used for the total-cross-section mea-
surement was similar to that previously employed
for &, measurements on other elements' using
this apparatus; i.e., the determination of the at-
tenuation of a sample of holmium placed in a col-
limated neutron beam in good geometry. Although
the layout of the apparatus for the measurements
of o, was almost identical to that used in the mea-
surements of 4&d,f, which is shown in Fig. 1, the
following differences should be noted: The flight
path was 27 m long and the holmium sample was
placed on a sample changer which was arranged to
move it into and out of the beam at 200-sec inter-
vals. Also the present arrangement of monitor de-

tectors which were placed in the defined neutron
beam on the upstream side of the sample is dif-
ferent from that described earlier. " Two monitor
detectors were used in order to check monitor
stability. Since the sample was frequently moved
into and out of the beam, errors arising from fluc-
tuations in counting rate due to fluctuations in the
counter thresholds were thus very much reduced.
The small variation which did occur during the ex-
periment produced negligible error in the total
cross section. Main and monitor detectors were
plastic scintillators viewed by 14-stage fast-re-
sponse photomultipliers, their acceptance thresh-
olds set with respect to the Compton recoil edge
produced by irradiating the detectors with y rays
from a "'Cs source.

The neutron beam, defined by collimators C, and

C, in Fig. 1, was 1.27 cm square at the holmium
sample. The holmium sample was a right circular
cylinder 6.998 cm long and 2.229 cm in diameter.
Its areal density was 2.261 X10"atoms/cm'. The
total data-collection time was 9 h for 0,.

The experimental technique employed to obtain

f for holmium was broadly similar. The meth-
od compared the intensity of neutrons transmitted
through the sample when it was oriented (e.g. , at
0.32 K and If = 50 kOe) with that when unoriented
(4.2 K and H = 50 kOe). For convenience we shall
describe measurements made at these two temper-
atures as "cold" and "warm, " respectively.

The holmium sample used for these measure-
ments was of the same diameter as that used in
the o, measurements, but 11.942 cm long. Both
samples came from the same ingot, which was
99.9/0 pure. They were also radiographed to in-
sure being void free.

The change in total cross section, and hence in

intensity, was expected to be small, especially at
certain energies (e.g. , around 8 MeV, see Ref. 4)
and so it was necessary to pay strict attention to
detector stability and monitoring, particularly as
the experimental conditions could not be rapidly
changed. It took about 1.5 h to cool the sample.

The change of experimental area to the 20-m
flight path (see Fig. 1), to accommodate the large
'He refrigerator introduced a small background of
high-energy neutrons filtering through the shield-
ing wall. This was measured by placing a 1-m
brass shadow bar between the holmium sample
and the main counter to block the direct neutrons.
Measurements were made for both "warm" and
"cold" runs.

The measurement of «deaf was done in two
stages; first, a series of seven independent data
sets was made with the superconducting solenoid
switched off and then another series of seven more
with it switched on. Each independent data set
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I9.406%

FIG. 1. The experiment-
al arrangement. The direc-
tion of nuclear orientation
was along the beam direc-
tion.

t
g)

TUNGSTEN
TARGET

DEFLECTOR PLATE

ASSEMBLY

, O
r a

D, o D

oi
+- o
oC, 'O

~d '
O

o
0

4

INTERNAI SYNGHROGYCLOTRON
4'o, O.

' dd

. I'O. d

0

4' o D.

oC''. Ml M2'o I I
NEUTRON BEAM

o. I I I
~ o 0

I'
0

O '. d'

0 04
o '

e

CRYOSTAT with

HOLMIUM SAMPLE

o. -o ~ .a

e
~

~ ~ q d

, e
.d ~
ro' 4
~, e.

/ d

MAIN

. . ''. COUNTER
~ /
w .

0) 4

e~
' o a,

NOT TO SCALE

MONITOR
COUNTER

consisted of a 12-h measurement of the normalized
transmitted neutron energy spectrum plus a 1-h
background with the sample "cold, " and then the
entire procedure repeated with the sample "warm. "
The over-all statistical uncertainties in each
series were determined by their self-consistency.
In zero magnetic field there can, of course, be no
nuclear orientation at any temperature in a poly-
crystalline sample. Thus the "field-off" series
served to establish whether there was any intensity
change produced merely by the systematic effect
of changing the temperature. A small effect, which
was not strongly energy dependent, was found for
the "field-off" series taken at 0.32 K. This was
subtracted from the relatively larger and energy-
dependent "field-on" series to obtain our final &od f
results. The small effect found for the "field-off"
series was attributed to a slight misalignment of
our sample. A similar series of data sets mas
also made for 0.37 K after a careful realignment
of our sample. This time the "field-off" data
showed no effect. The result of all these measure-
ments as mell as those at other temperatures are
given in a later section.

In order to acheive high stability in the detectors,
weak "'Cs sources were placed near each one.
Their presence introduced a mell-known but al-
most vanishingly small background to the neutrons
detected during the neutron pulse. The background
was, however, monitored on scalers which were
gated off during the neutron pulse. It was establish-
ed experimentally that the variation of background
counting rate was 50 times more sensitive to
changes in detector gain than was the neutron count-
ing rate. Corrections to the monitored beam in-
tensity were applied which took into account the
small change in background count rate measured

by the monitor counter. Typical changes in back-
ground count rate were about +10%, implying a
+0.2% change in the number of neutrons detected.
This corresponded to a systematic error, due to
monitoring, of +5 mb. The consistency of source
counter rate for the main counter showed that it
was significantly more stab].e than the monitor
system, thus eliminating the need to make any cor-
rections to the main-detector counting rate.

8. Oriented ' 'Ho Target

The oriented "'Ho target used in the present
measurements of &od, f was a thick polycrystalline
sample rather than the single crystal we used in
our previous work. Although a single-crystal sam-
ple is more advantageous, as one can obtain a high
degree of nuclear alignment" without a magnetic
field, no thick single crystal was available. We
therefore used a somewhat similar target arrange-
ment to that used in Ref. 4, namely a long cylindri-
cal polycrystalline sample cooled to pumped 'He
temperatures in a magnetic field. In order to do
this a new cryostat, Fig. 2, was built for the Na-
tional Bureau of Standards 'He refrigerator2
which incorporated a relatively high-field super-
conducting solenoid mounted at right angles to its
vertical axis." This cryostat was designed to
operate for long periods (&48 h) at low tempera-
tures without retransferring liquid helium. In
addition, the "working end" ('He-cooled region)
was kept simple enough so that various experimen-
tal arrangements could be accomplished with minor
modifications.

Since the degree of nuclear orientation obtained
for a polycrystalline "'Ho sample depends upon
the temperature and magnetization achieved, and
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whereas the former cannot be readily changed, '
the latter can be substantially increased over the
18 kG23 used in Ref. 4; this corresponds to 70/0 of
saturation magnetization, BIT/BIT = 0.07. At the time
this work was undertaken no reliable magnetiza-
tion fata above 26 kG existed for polycrystalline
holmium'4; however, enough was known about the
magnetic properties of single crystals to make
some general predictions about those of a polycrys-
talline sample. This is discussed in detail in the
following section, so we shall only state the salient
points here —namely, that the magnetization should
reach an intermediate saturation plateau of DIT/K„
= 0.8 at about 40 kG and then rise rather slowly
with full saturation not expected till fields of the
order of hundreds of kG are applied. Since super-
conducting solenoids with sufficient fields for full
saturation are not readily available, it was decided
to use one that at least enabled the sample to be in
the intermediate saturation region.

A schematic drawing of the lower part of the 'He

cryostat is shown in Fig. 2. It has two liquid-nitro-
gen baths, the main one, which is shown in the
drawing, has a capacity of 16 liters and a secon-
dary one located near the top of the cryostat has a
capacity of only 3.5 liters. Whereas the main bath
and its extended copper radiation shield serve the
usual purpose, the secondary bath serves as both
a radiation trap and a thermal ground at 77 K for
all the tubes going into and making up the main
'He bath. The latter has a capacity of 20 liters.
The pumped 4He bath has a capacity of 1.6 liters
and serves both to liquefy the returning 'He gas
and as a 0.9-K radiation shield surrounding the 3He

tail and holmium sample. The various tubes for
pumping on the 4He bath and for pumping and re-
circulating He are shown in this drawing. Some

, of the radiation shields in these tubes are labeled
R. The frit is a porous, stainless-steel plug which
is used to restrict the 'He flow rate. S, is the main
transfer syphon. 8, is a smaller syphon connecting
the main 4He bath to the pumped 4He bath and al-
lows us to transfer liquid helium during the main
transfer as well as retransferring at a later time.

The superconducting solenoid we used could be
operated as high as 55 kG (center field} in the per-
sistent mode without going normal. It has an i.d.
of 4.45 cm, an o.d. of 12.70 cm, and is 12.70 cm
long. At full field the stored energy is 5.1 kJ.
Because of the large amount of stored energy and
to facilitate the cool down, the solenoid was mount-
ed in its own 4.2-K liquid-helium bath, Fig. 2,
rather than in the vacuum space as in Ref. 4. This
bath holds 1.2 liters and is connected to the main
4.2-K bath by three 1.27-cm-diam tubes. These
tubes are offset so as not to be in the way of the
neutron beam. One of these tubes also contains the
power and persistent switch leads going from the
solenoid to a connector in the bottom of the main
4.2-K bath. Removable leads are used from this
connector to the top of the cryostat in order to re-
duce the h at leak into the main 4.2-K bath when
the solenoid is operated in the presistent mode. A
1-0 10-W resistor which shunts the power leads is
located near the connector in the main 4.2-K bath
to help dissipate some of the energy away from the
small magnet bath if the solenoid should accidental-
ly go normal. One of the remaining two tubes also
has in it a 3.1-mm Teflon tube which goes from the
bottom of the syphon 8, to the very bottom of the
magnet bath. This serves a dual purpose —first, to
remove all of the liquid nitrogen which is used in
precooling; and second, to yield a greater trans-
fer efficiency in filling the magnet and main 'He
bath with liquid helium.

The total time required to cool the sample from
room temperature to 0.32 K was approximately 4 h
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with about 1.5 h needed to go from 0.9 to 0.32 K('He
cooling cycle). The relatively long time it takes
for the last part of our cooling cycle is not unrea-
sonable considering the very large nuclear Schottky
anomaly in the specific-heat curve of holmium in
this temperature region and the large mass (412.2
g) of our sample. " In order to insure good thermal
contact between the 'He tail and the holmium sam-
ple, it is first soldered" into a copper" tube which
is threaded on one end; this is then screwed into
a copper holder which makes up the lower part of
the 'He tail. The bottom surface of the inside of
the 'He tail has been substantially increased to re-
duce the "Kapitza resistance. " Apiezon-N grease
is used to make thermal contact at the threaded
joint. " Owing to the right-angle geometry of the
bottom of the cryostat, the sample can be put in
by simply removing the thin ' windows in the radia-
tioo shields along the beam path. This geometry is
also very convenient for lining up the holmium sam-
ple with the neutron collimator, as all that is ne-
cessary is to remove the thin windows and use
standard visual techniques. "

The temperature of the sample was determined
by two calibrated 470-Q carbon Speer resistors,
one located in the copper part of the 'He tail and
the other in the front face of the sample (out of the
neutron beam). These resistors were calibrated
against the 'He vapor-pressure scale. This was
done in zero magnetic field and also as a function
of field, since it is known that carbon resistors
have a small magnetoresistive effect. The uncer-
tainty in the temperature measurement is estimat-
ed to be less than +10 mK.

III. NUCLEAR ORIENTATION OF ' 'Ho

Although one can obtain a very high degree of
nuclear orientation for holmium metal because of
the extremely large hyperfine interaction" and
favorable low-temperature magnetic properties, "
the exact values for the orientation parameters
can only be calculated if the sample is magnetical-
ly saturated. The reason for this is that the sym-
metry axis of the nuclear spin coincides with the
direction of the atomic moment. In the case of
magnetic saturation, the only quantities entering
the calculation are the hyperfine and quadrupole
coupling constants. The latter are quite small"
and can be neglected with little effect on the final
values for the orientation parameters. If the sam-
ple is a single crystal, magnetic saturation can be
achieved at fairly low fields" (the order of kilo-
gauss for an easy direction of magnetization).
When the sample is a polycrystal, magnetic satura-
tion can only be achieved at very high fields" (the
order of hundreds of kilogauss). For the case

where J is the nuclear spin, M the magnetic quan-
tum number, P~ the occupational probability of the
4th magnetic substate, and 0 ~K 2I.

If all the atomic moments are lined up in one di-
rection, as they would be for a magnetically satu-
rated sample (that is, when the ratio of the magne-
tization % of the sample to the saturation magneti-
zation K is unity) then the statistical tensors can
be determined by simply calculating the P„'s. The
ground-state splitting for holmium metal can be
represented by using the following spin Hamiltonian
with effective spin S = ~'.

X=AS I,+P[I,2- SI(I+1)], (3.2)

where the direction of the applied field is along
the s axis, J, is the projection of the nuclear-spin
operator 1 on this axis, and the quantities A and P
represent the strengths of the dipole and quadru-
pole interactions, respectively. The eigenvalues

where the sample, either single crystal or poly-
crystal, is not magnetically saturated, one has to
know the distribution of atomic moments in order
to calculate the exact values for the orientation
parameters. Although there is considerable infor-
mation on the low-temperature magnetic properties
of holmium metal, especially for single crystals,
the exact distribution of atomic moments as a func-
tion of applied field is not known. Magnetization
measurements have been made, but these only
give one information related to the first orienta-
tion parameter —the nuclear polarization. Experi-
ments can be performed to measure the higher-
order orientation parameters; however, none has
been done using a polycrystalline sample. " The
present experiment, under certain assumptions as
to the multipole order needed to define the nuclear
shape, uniquely determines the second orientation
parameter —the nuclear alignment. Therefore, it
would be worthwhile to outline the calculation of
the nuclear orientation parameters for a polycrys-
talline sample as used in the present experiment.

This calculation has been described previously
in Ref. 4 and in greater detail in the thesis of Shel-
ley." Our discussion will not go into all the de-
tails —just the relevant parts —and will point out
the slight difference in the magnetic model we
used in calculating the orientation parameters.
For ease of comparison with Ref. 4, we shall use
the same notation (namely —the so-called statisti-
cal tensors) rather than the orientation parameters
as defined by Tolhoek and Cox, which were used
in our previous papers.

For a nuclear-spin system with axial symmetry
the statistical tensors B& are defined as follows:

Br ——(2I + 1)+2+P~(-) (IM I M~ KO), -(3.1)
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for this Hamiltonian are given by the expression

EE ——+2AM +P[M —SI(I+1)] . (3.3)

For the case under discussion, that is, where II/
3}I = 1, only the lowest electronic state (S,= —,') is
occupied. The sign of the dipole constant is posi-
tive, and thus the lowest magnetic substate is M
=+~, that is, the nuclei are polarized in the di-
rection of the applied field. The best values for
the dipole and quadrupole constants come from the
specific-heat measurements, "and they yield A/k
= 0.64 + 0.01 K and P/k = 0.007 + 0.0015 K, where k

is the Boltzman constant. Since the energy levels
E„can now be calculated, the P„'s are obtained as
a function of temperature by using the Boltzman
factor, viz. ,

e EEIAT/g-e EEIAT-
N

N
(3.4)

The statistical tensors for this case of complete
magnetic saturation can be calculated directly as
a function of temperature.

For the case where we do not have magnetic
saturation and the atomic moment;". are distributed
symmetrically around the field direction, the sta-
tistical tensors BE can be calculated from the fol-
lowing relation:

E» =E» (P»(cos8)) (3.5)

with

(P (cos8)) = P (cos8) W(8)d8.
0

(3.6)

Here P»(cos8) is the Kth order Legendre polynomi-
nal, 8 is the angle between an atomic moment and
the field direction, and W(8) is the distribution of
atomic moments, which is a function of the applied
field. Although (P,(cos8)) is just II/II„, the higher-
order magnetic moments [K&1 in (3.6)] depend
upon the exact distribution W(8).

Since this function W(8) is not known, we have to
use some model for the distribution of atomic mo-
ments versus the applied field for polycrystalline
holmium metal in order to calculate the statistical
tensors &~. The model we used to calculate
(P»(cos8)) was almost the same as that used in
Ref. 4; we treat polycrystalline metal as being
composed of randomly oriented, noninteracting
single crystals whose atomic moments exhibit the
behavior predicted by neutron diffraction and mag-
netization measurements. Such a model would
show an intermediate saturation plateau in the
magnetization curve at relatively moderate fields.
The values for (P»(cos8)) at this saturation plateau
can be calculated from the following expression:

0
6 80, 71/6

(P»(cos8))„g =— d8' sin8'P»(cos8, )dy'
7T 0 0

7I/2 ~/6+- d8 sing'P»(cos8, )dy',
80 0

(3.7)
where

and

cos0, = cos0' cos00+ sino' sin&0 cosp ~0 = 80',

cos8, = cos'8'+ sin'8' cosy'.

The angle 0' is between the field direction and the
c axis of a crystallite, and the angle y' is between
the b axis (easy direction of magnetization} that is
closest to the field direction and the greatest pro-
jection of the field on the basal plane.

At saturation in this model we have (1) for those
crystallites with angle 0' ~ 80' the atomic moments
are all lined up in one direction and lie on the
plane defined by the c axis and the b axis closest
to the field and canted out of the basal plane by 10',
and (2) for those crystallites whose c axis is &80'

to the field direction the atomic moments are no
longer canted out of the basal plane by 10 but this
angle is reduced and, in fact, 00 then changes as
8'. The first double integral in (3.7) corresponds
to (1) and the second double integral corresponds
to (2). The model used in Ref. 4 is the first double
integral but with the upper limit being 90' instead
of 80 . Although our model is closer to the ob-
served data (for example, if 8'=v/2, then the
atomic moments lie in the basal plane and along
an easy direction of magnetization, not canted out
of the basal plane by 10'), the differences between
our values and their values of (P»(cos8)) „,were
small [(P,(cos8)) „,was 0.826 for our model and
0.825 for theirs]. Since the value of (P,(cos8})»,
is a measurable quantity, that is, we should see
some sort of intermediate saturation plateau in
the experimental magnetization curve, a check on
this model would be to measure 3|I/3g to fairly
high fields. In Fig. 3 we see the results of magne-
tization measurements made on polycrystalline
holmium metal at the National Magnet Laboratory. "
The spherical sample used for these measure-
ments was cut from an unused part of our original
holmium sample. As one can see from this curve,
the magnetization rises rapidly at first (B,&-20
kG) and then increases rather slowly. In particu-
lar, the magnetization does seem to level off, or
at least rises very slowly after 50 kG; the value
at 50 kG is 0.825, whereas at 60 kG it is only
0.835. These values, indicating an intermediate
magnetization saturation in polycrystalline holmi-
um, are in good agreement with the model. "
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TABLE I. Statistical tensors Bz and B~z for a poly-
crystalline holmium sample at 0.32 K. Bz is for the
case where%/%„=1 and Bz where5R/9g =0.8.

K BE (P~(cos8)) Bg B~/B~ (max) B&/B&(max)

0.7

0 1
1.24

2 0.835
3 0.379
4 0.121

1
0.80
0.55
0.32
0.173

1
0.99
0.46
0.12
0.021

1
0.81
0.55
0.31
0.15

1
0.65
0.30
0.10
0.03
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FIG. 3. 4.2-K magnetization curve for polycrystalline
holmium metal.
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Although the field at the center of the super con-
ducting solenoid was 50 kOe for most of the neu-
tron measurements, the internal field averaged
over the entire sample (and subtracting out the
demagnetizing field) was 40 kOe, This corre-
sponds to a value of 0.80 for 3R/5R . Since this is
less than the saturation magnetization value pre-
dicted by the model, we assumed (as in Ref. 4)
that the resulting statistical tensors were reduced
accordingly; that is, (0.03/0. 83) of our sample
was composed of crystals which were completely
unmagnetized. The values for the &~ were then
calculated as a function of temperature using (3.5)
and with (Pz(cos8)) = (0.80/0. 83)(Px(cosII)) „,.
These are listed in Table I along with their nor-
malized values Br /BE(max) for K = 0 to 4 and for
one of the particular temperatures (0.32 K) used
in the measurements. The corresponding values
for the case of complete magnetic saturation, B~
and Bz/Bx(max), have also been listed In both.
cases the higher K values (K = 5, 6, and 7} are in-
significantly small and have therefore been neglect-
ed. Although it will be shown later in the theoreti-
cal section that the coupled-channel equations can
be written in terms of statistical tensors, and as
one would expect in terms of only the even K val-
ues, the existing program is in terms of the mag-
netic populations. These are obtained from the

following expression:

P~ =(2I+ 1) ' +Br'(-1) (fMI M~ K 0-) . (3.8)

R =R,(1+P,&„+P,&„+P,&„) (3.9)

had a large p4 contribution. Fortunately it turns
out" that p, (as well as p,} is very small, that is,
' 'Ho is very nearly a pure quadrupole-shaped
nucleus.
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FIG. 4. Calculated degree of nuclear alignment for
Ho. &2/B2(max) corresponds to the case of complete

magnetic saturation; %/R „=1, and the B2/B2(max) cor-
responds to our experimental conditions; K/R „=0.80.

For the case of incomplete magnetic saturation,
the values we obtain for the B& depend, of course,
on the model we used for the magnetization. This
is shown in Fig. 4 where we plotted B~/B, (max)
and B,'/B, (max) as a function of the reciprocal of
the temperature. As one can see from this figure,
the value of B,'/B, (max) is considerably less than
B,/B2(max). Although B,/B2(max) tends towards
unity as it should, B2/B, (max) never reaches unity,
even at absolute zero. Its maximum value is
0.567. A measurement of the nuclear-deforma-
tion effect as a function of temperature should fit
on the B,'/B2(max) curve if our magnetic model is
correct. The only correction we might have to
make is to include the B~/B4(max) contribution if
it were large. Since in our magnetic model B,'/
B4(max) is small, the only way the contribution
could be significant is if the nuclear-shape param-
eter, viz. ,
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We did not include any uncertainties in the val-
ues of B~ in Table I. These would arise from un-
certainties in both &E and (PE(cos8)). The uncer-
tainties in 8& can be calculated from the uncertain-
ties in &, I', and our sample temperature. These
turn out to be relatively small when compared
with the uncertainties in (Px(cos&)). Some idea of
the uncertainty in the K = 1 term can be obtained,
since it is just II/II of our sample. If we as-
signed an uncertainty of +0.02 to our magnetization
value of 0.80, this would imply that our final field
could be in error by as much as -10 or +7 kOe,
which is quite pessimistic. ' Uncertainties in the
higher values of ( Px(cos8)) are difficult to esti-
mate, since changes in the magnetic model affect
the higher terms in K progressively more; for
example, comparing our model with that of Ref. 4,
the difference in the K= 1 term was 0. 1%%d whereas
the next three terms differed by 0.4, 1.3, and 3.6',
respectively. Thus if we assigned a 2% error in
our K=1 term, we could have as much as a 70%
error in the E = 4 term. Since the K = 2 term is
the most relevant in the present experiment, a
reasonable estimate of the uncertainty in it is

8.5

about 10'Po. '

IV. EXPERIMENTAL RESULTS

A. Total Neutron Cross Section

In Fig. 5 we show the results of our total neutron
cross-section measurements for "'Ho covering
an energy range from 1 to 135 MeV. The error
bars are due to counting statistics alone. Our
data are in very good agreement with the five dis-
crete energy points; 1 and 1.1 MeV, 4' 8 and 15
MeV, ' and 14 MeV, ' previously measured (these
are shown in Fig. 5). The over-all agreement with
the data of Foster and Glasgow, ' covering an ener-
gy range of 2.5 to 15 MeV, is excellent. We did
not include these in Fig. 5, since there were too
many data points.

8. Deformation Effect

The results of measuring b,ad, f from 2 to 135
MeV are shown in Fig. 6. These data were taken
at a temperature of 0.32 K and the value of &,'/
&,(max) was 0.30. The error shown for each point
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FIG. 5. Total neutron cross section for ~65Ho measured over the energy range of 1 to 135 MeV. The solid curve is
our adiabatic coupled-channel (ACC) calculations using the optical-model parameters determined by fitting Cd and Pb
(see text) and using p= 0.33 for 6 Ho. The long-dashed curve is the no-coupling approximation with p= 0.33 and the
short-dashed curve is the same calculation but with P = 0.
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FIG. 6. had~~ for 6 Ho measured over the energy range of 2 to 135 MeV for T = 0.32 K. The solid curve is the result
of ACC calculations using the same optical-model parameters as those used in our 0, calculation. The dashed curve
was obtained from a semiempirical model {see text).

is deduced from the deviation of the seven indi-
vidual sets of data about the mean as explained in
Sec. II A. In order to compare the results for

f from Ref. 4 (measured at 8 and 15 Me V) with
ours, we multiplied their values by 20/25 since
they had 0.25 for B,'/B, (max). These two points
have been plotted in Fig. 6 and the agreement is
very good. The comparison of our previous mea-
surement of &od, ~ at 14 MeV, ' using an unmagne-
tized single crystal is not as straightforward,
since the holmium nuclei were aligned perpendicu-
lar to the beam direction. However, we know that
the shape of the holmium nucleus is almost pure
quadrupole and that the contributions of the higher-
order statistical tensors (&=4 and 6) are relative-
ly small, thus we need only concern ourselves
with the rotation matrix D',,(&) =P,(cosa) in chang-
ing the value for B,/B, (max) from the perpendicu-
lar to the parallel axis. Note that we dropped the
prime on 82, since in our 14-MeV work this quan-
tity did not depend upon a magnetic model for the
sample. " The value of B,/B, (max) was 0.54+0.04,
multiplying by P,( co&s2/=)- —,

' yields the value of
-0.27+0.02, and hence the value of &0'd, f mea-
sured at 14 MeV is multiplied by -80/27. This is
also plotted in Fig. 6, and as one can see the agree-

ment is fairly good. Therefore we can conclude
that our magnetic model for polycrystalline holmi-
um metal enables us to calculate a reasonable val-
ue for B,' at 0.32 K.

C. Temperature Dependence of b,oQe f

A complete series of data was also taken with
the sample at 0.37 as well as at 0.94 K. The re-
sults for 0.37 K are shown in Fig. 7. One notes
that the amplitude of the oscillations has decreased
from that in Fig. 6. This is what we should ex-
pect since the value of B,'/B, (max) has decreased
to 0.26 at 0.37 K. A measurement of the difference,
5(Lod f), between the first maximum, ~od f (max),
and the first minimum, Aod, q(min), as a function
of temperature should follow our B,'/B, (max) curve
in Fig. 4 if our magnetic model is correct. This
conclusion is independent of any nuclear models.

The position ' and shape of the first maximum
and minimum were fitted using the 0.32- and 0.37-
K data. The difference was-then calculated for
these two sets of data as well as the 0.94-K set.
These were plotted (bold points) as a function of
1/T in Fig. 8. Since we had some data as the sam-
ple was cooling down, we determined 5(bod, f) for
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these and they are also plotted in Fig. 8. These
latter points are less accurate statistically and
temperaturewise. The solid line in Fig. 8 is our
B,'/B, (max) curve. As the absolute magnitude of
this curve depends upon a nuclear model, that is,
we should have to relate the nuclear shape via
some model to B,'/B, (max), we choose instead to
normalize our curve to go through the 0.32-K point.
As one can see, the curve goes exactly through

392—

the other two bold points and thus it is immaterial
which of the three bold points we use for the nor-
malization. The other points are in relatively fair
agreement with the curve. These data demon-
strate that the nuclear-deformation effect goes as
the B2/B2(max) curve predicted by our magnetic
model.

V. THEORETICAL ANALYSIS

A. Coupled-Channel Calculations

E

C
C

a
I

X
U
E

cI
u

b
cj
CO

280

224

I I 2 with

V i W 4iWDe'
1 +e ' 1+e ' (1+e ')'

y 2 gl
—V„(o'1) ', , (5.1)ar 1+e')'

e'=exp([r —ft(8, y, 8,.)]/a],

The experimental results for &, and «d, f were
analyzed using an optical-model potential of the
form

0
0 2

I/T (K)

R{8,y, 8,) =ft,[1+PY„(8')];

e'=exp([r-ft(8, y, 8,)]/aj,
FIG. 8. Difference between the maximum (4.4 MeV)

and minimum (12.6 MeV) of 4a'd~~ versus the reciprocal
of temperature. The three bold points are from our con-
stant-temperature 0.32-, 0.37-, and 0.94-K data, where-
as the remaining six points were taken as the sample was
slowly cooling down. The solid curve is our B2/&2(max)
curve normalized to the 0.32-K point. The dashed curve
is our ACC results and no normalization is needed in
this case.

a =r A'', 2 =r A'',0 0 ~ 0 0

where the angles ~ and p refer to the space-fixed
system, ~' to the body-fixed system, and 0& stands
for the Euler angles between these two systems.

In order to fix the parameters in (5.1), we first
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fitted the optical-model predictions to the data' "
on the total cross section 0, and the total reaction
cross section oR of Cd and Pb. The fit was made
over approximately the same range of neutron en-
ergies as our present work. This having been
done, the calculation of o, and 4od, f for ' 'Ho
could be carried out with no further adjustment of
parameters.

In calculating o, and OR for Cd and Pb, it was
assumed that V and WD decrease linearly with E„,
while S" increases linearly; thus the three
strengths V, W, and Wo are described by a set
of six adjustable parameters. The other param-
eters a, a, and r, =r, were left as energy-indepen-
dent adjustable parameters while V„was fixed at
7 MeV. Automatic search runs were made by
Percy" to determine the above nine adjustable
parameters [P in Eq. (5.1) is zero for Cd and Pb]
and the best set of parameters obtained is the
following (energies are in MeV and lengths in fm):

V= 47.30 —0.227E„,

8'=0.459+ 0.111E„,
8'0 ——4.28 —0.04148„~0,

r01211

a = 0.6812,

a =0.6448,

Vso= 7 (5.2)

The fits to the total cross sections, Fig. 9, and

that to the reaction cross sections, Fig. 10, are
seen to be very good.

Having thus fixed the optical-model parameters,
we can now proceed to the calculation of o, and

++dgf for "'Ho. It is known, "however, that P = 0.33
for "'Ho, and this nonvanishing value of J3 makes
the use of the simple optical-model calculation in-
valid contrary to the cases for Cd and Pb; we must
use the coupled-channel calculations instead. How-

ever, since E„is sufficiently high over most of the
range of interest, we can use the (ACC) calcula-
tions, "which can be carried out much faster than
the non-ACC calculations. As the derivation of the
ACC equations and their solutions (in the form of
the scattered waves and the cross sections) have
been presented in detail in See. V of Ref. 3 and
also in Sec. V of Ref. 48, the results are just
quoted here. The expression for the total cross
section, o, , is given by Eq. (7) of Ref. 3.

o(Acc' = —,) (2l'+1) lm
I

with

m m NISI

)f a(')* b(i' b(i )+ g(Acc)m'am~ u ~& m e m'Z', t''S S I I S 1«S I
(5.3)

(lsOm, ~ jm )(l'sOm '
]j 'm')(-)(Acc)

S I«
y&g m,

S S J «

x g (I,ZXO~Ig)(I, JM,M„~I,M', )(jj'm& —m, ((J'0)( jj'm, —m,') JM, ). .

«M~

(5.4)

g( &) u(«) —~i
I/2 —I/2

a(') = a(') = 0.I/2 (5.5)

For the orientation of the target in. the present ex-
periment we describe b&(' in terms of the occupa-

1
tion number P(N, ) by

b(Ny) [P(N )] 1/2 ()

For an unoriented "'Ho nuclei, we have

(5.6)

(5.7)

The total cross section for oriented and unoriented
"'Ho nuclei can now be obtained by using (5.6) and

The meaning and derivation of the coefficients a('

and bs(' ) in (5.3), which describe the orientation
1

and/or polarization of the projectile and the target,
respectively, have been explained in detail in Ref.
48. In particular, for an unpolarized neutron beam,
we have

(5.7) in ACC calculations. However, in the latter
the values of W and Wn were reduced by 20% com-
pared with their corresponding values for Cd and

Pb, since part of the absorption in the elastic
channel is now taken into account explicitly in the
inelastic scattering processes in the coupled ex-
cited states. 4'

The ACC calculations were performed by using
the computer program JUPITQH-1. The IBM
360/75 computer at Oak Ridge National Laboratory
was used for most of the lower E„, while for sev-
eral higher values of E„, where the computations
take a longer time, the CDC 6600 computer at
Brookhaven National Laboratory was used. " The
theoretical o, and &Odgf obtained are compared with
with experimental data in Figs. 5 and 6 and, as is
seen, the agreement is very good (particularly for
Bod f), Because we used no adjustable param-
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eters, these fits are significant and we may con-
clude that our data on v, and &ad, f can be account-
ed for very well by ACC.

B. Dependence of Theoretical Cross Sections
on Various Parameters

Although good agreement is obtained with the ex-
perimental data, it will still be worthwhile to in-
vestigate how the results depend on (i) channel
coupling, (ii) deformation parameter, and (iii)
absorptive potential. These will each be treated
separately. In all these investigations we used the
optical parameters (5.2}.

(i) Effect of Channel Coupling

As is seen in Ref. 48, in the treatment of the
scattering from a deformed nucleus, the Woods-
Saxon potential is expanded in terms of Legendre
polynominals and then divided into diagonal and
nondiagonal parts. The nondiagonal part of the po-
tential gives rise to coupling between states in the
target. In ACC, coupling between all the states in
the ground-state rotational band are taken into

account. However, one can also consider the ap-
proximation in which there is no coupling. Such a
no-coupling approximation is nothing more than a
conventional optical-model calculation (with the
diagonal part of the potential modified from the
original Saxon potential with P, = 0), and thus it

3
L

Pb

0
~~2

UJ

)0 20 50 &00 200
NEUTRON ENERGY {MeV)

FIG. 10. Total neutron reaction cross section for Cd
and I'b. The solid curves are least-squares fits which
are used in determining the optical-model parameters
(see text and Fig. 9).
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can be performed very rapidly.
Using this approximation and setting the deforma-

tion parameter P = 0.33 as before, the total cross
section 0, is obtained and is as shown in Fig. 5
(long-dashed curve) ~ Since no coupling is included,
the strengths of the imaginary potentials were not
reduced. As is seen in Fig. 5, the o, obtained for
higher energies in the no-coupling approximation
behaves fairly well with the 0, obtained with

coupling, but at lower energies the former devi-
ates from the latter significantly and thus dis-
agrees with experiment. Generally speaking, cal-
culations with no coupling result in too large an
amplitude of oscillation in 0, as a function of E„.
Figure 5 (short-dashed curve) also contains o,
with no coupling and with P, = 0; i.e. , the 0, ob-
tained by means of a conventional optical-model
calculation. Its general behavior is quite similar
to that which was obtained with P, =0.33 and with-
out any coupling, except that the magnitude was
slightly reduced for all E„.

It is quite evident that these no-coupling calcula-
tions always give zero deformation effect.

(ii) Effect of Deformation Parameters

fn ACC calculations, the strength of the coupling
is specified by a deformation parameter P. Thus
P is not a free parameter, since it can be deter-
mined by some other means. Nevertheless, it is
instructive to investigate how a, and &od, f depend

on P. We chose to calculate these quantities at 4,
5, and 12 MeV, where &Od, f has a maximum or
minimum value. The ACC calculations were per-
formed using the parameters in (5.2) with the imag-
inary potential being reduced by 20% as before.
The results of the calculations are shown in Figs.
11 and 12. As is seen in Fig. 11, at 5 and 12 MeV,
&, increases as P increases, while at 4 MeV, 0,
decreases initially and then increases as P in-
creases. This may be due to the shift in the peak
of o., as p increases. Figure 12 shows &ad, f as a
function of p. It is seen that «d, f varies almost
linearly with P for small P. However, as P ex-
ceeds 0.23, ~ad, f begins to decrease. This means
that a DWBA calculation, which predicts that 0, is
proportional to P, ceases to be valid for P ~ 0.23
as it gives too large a value for &&d,f. For nega-
tive values of P, ~ad, f changes sign. This implies
that an oblate nucleus aligned similarly to the pres-
ent experiment would have a minimum value of

f at about 4 MeV and a maximum value at
about 12 MeV.

(iii) Effect of Chan ge in Absorptive Potential

There is no general rule on how much the absorp-
tive potential should be reduced when a coupled-
channel calculation is performed. The 20/0 reduc-
tion adopted in Subsec. A is based on our previous
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FIG. 12. Dependence ofbod, f on p. These curves
were obtained using the ACC and the same optical-model
parameters as in our o, and 4o'deaf calculations. The
dashed areas are the experimental results for 0.32 K.
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experiences in the analysis of the inelastic scat-
tering of protons of 10-20 MeV." Since the needed
amount of reduction is expected to depend on the
strength of the coupling and on the energy of the
projectile, it would be worthwhile to see the effect
of a change in W on 0, and &od, ~ for the present
case. We therefore performed ACC with the
strength of W unreduced for neutron energies up
to 35 MeV. It is found that the difference be-
tween o, and &Od, ~ obtained with a reduced and un-
reduced S' is small. The former gives a slightly
larger amplitude of oscillation for 40d, ~ as a func-
tion of energy, and gives better agreement with
experiment than does the latter.

C. Dependence of dodef on Nuclear Alignment

The ACC calculations for «d, g can, of course,
be repeated for different degrees of nuclear orien-
tation, which come about by changing the sample
temperature. Since we have experimental data for
T =0.37 K (Fig. 7), an ACC calculation was made
for it also. We used the same values for the opti-
cal-model parameters as before, and the new val-
ues for the magnetic populations were obtained
using (3.8}, with (3.5) being used to determine the
values of 0~ for 0.37 K. The results of this calcu-

lation are shown in Fig. 7 (solid curve), and as
one can see the agreement is quite good over the
entire energy range.

Rather than do another ACC calculation for the
0.94-K data it would be more useful to see if we
can fit the 5(b,a'd, (}-versus-temperature data
shown in Fig. 8. ACC calculations were made for
6(7d f(max) at 4.4 MeV and Bod f(min) at 12.6 MeV
as a function of temperature. Their differences
are shown in Fig. 8 as the dashed curve along with
the experimental results and the B,'/B, (max} curve.
The agreement with the experimental points is
quite good. It can be seen that the theoretical
curve obtained from the ACC has almost the same
shape as the B,'/B, (max) curve. " These results,
although quite reasonable, are not evident from
the ACC formalism, since it is done in terms of
the magnetic populations directly and not in terms
of the statistical tensors B~. Thus it would be in-
structive to see if we can recast the ACC in terms
of the statistical tensors.

We define the density matrix in the usual way,

(5.8)

and introduce the statistical tensors &E by "

Bxo ——(21~+1) Q ps s (-) ~( s( (KQII, I,- MM ).~~

I I
(5.9)

Therefore the density matrix can be written in terms of the statistical tensors

QbsO b„' *=(21,+1) + QBso( )( ~-((I,I, -M, M,'IKQ).dfI N I
EQ

Substituting (5.6) and (5.10) in (5.3) we have

v("'" =
' (2l'+ 1) lm

4n —'(2I +1) ~ Bxo(-) ( ((I,I~-M ~IKQ~) Z( s l
s I ~ s I'

,~P,'~~

Writing out Z( „l .„., i explicitly as in (5.4), and after some simplifying we obtain

a( l= —
2 g(21'+1)Im g 2[(2j+1)(2l'+1)] (-) "C„.'., i, i

I l I
jlj 'mj

(5.10)

(5.11)

x g(2J+ 1) ' (I,JKOI I,K)(jj ' m, m, I JO)W(l-s Jj ',j l')(ll' OOI JO)B.. (5.12)

The only terms which contribute to the sum over J are the ones with even J; this comes about because of
the Clebsch-Gordan coefficient (ll'OOI J'0) and parity considerations. For the case of the unoriented nuclei,
all of the statistical tensors are zero except B~ which is always unity (normalization condition). We there-
fore obtain for Ao'(",( l the following expression:

6(T(ef —0((oriented) —o((unoriented) = —
2 g (2l'+ 1) lm g ~ [(2j+ 1)(2l' + 1)] (-) ' C J,

I
~

I jr j'm&

x g (2J+ 1} '~2(I( JKOI I,K}(jj' m, -m„I JO)(ll'00I JO)W(lsJj ',j1')B~, ,
&= 2a4g6

(5.13)
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where B~, is the statistical tensor for the oriented
case. In our experiment the orientation of the hol-
mium nuclei is such that +2p»+4p»+60 Further-
more, the factor (2J+ 1) 'I'(I, JKO~ I,K) in the sum-
mation over Jis v 7, for J=2, v~~97 for J=4 and

~5577 for J= 6. Therefore the contributions from
J=4 and J= 6 are small. This is borne out by the
fact that the actual calculated ACC results shown
in Fig. 8 are almost the same as the B,'/B, (max)
curve, indicating almost a direct proportionality
between &ad, f and 820. The small discrepancy be-
tween the dashed and solid curve is either due to
the contribution of these two terms or comes about
from the small energy shift in the maximum and
minimum as explained in Ref. 45.

Vle INTERPRETATION OF Le(0'peg USING THE
BLACK-NUCLEUS MODEL AND THE

NUCLEAR RAMSAUER EFFECT

Although, as we have seen in the previous sec-
tion, the ACC accounts quite satisfactorily for the
present o, and ~ad, f data, the calculation time on
the computer becomes very large as the neutron
energy is increased. It would, therefore, be
worthwhile to develop another theoretical method
to explain the present data. We shall show how the
+adef data can be explained quite well by using a
semiempirical model which also gives a better
physical insight into what is happening. This mod-
el makes use of the black-nucleus model, the nu-
clear Ramsauer effect, and the experimentally
determined o, data.

If we compare the interaction between a neutron
and an unaligned prolate nucleus to that when the
nucleus is aligned with its symmetry axis along
the neutron direction, the following two differences
are noted; first, there is a decrease in the effec-
tive area of the nucleus, and second, there is an
increase in the effective path length through the
nucleus. The decrease in the effective area that
the neutron sees can be calculated directly using
the black-nucleus model, since this is just a
geometrical effect. However, the increase in the
effective path length for the neutron passing
through the nucleus and its effect on the total
cross section is more complicated. As we have
pointed out in the introduction, the broad maxima
and minima which appear in the total neutron
cross sections have been successfully interpreted
by Peterson" in terms of interference effects be-
tween the neutron wave going through and around
the nucleus. In his analysis he showed that these
effects were somewhat analogous to the electron
Ramsauer effect, hence the name "nuclear Ram-
sauer effect. " Since the position of the maxima
and minima move towards higher neutron energy
as the radius of the target nucleus is increased,

hogg~ = -0.026o, . (6.2)

Thus, there is a reduction in the total neutron
cross section for holmium of 2.6% in terms of the
black-nuclear model when we have 30% nuclear
alignment. In order to calculate an absolute value
for hap, q, we have to evaluate o',. For a deformed
nucleus, 0, in the black-nucleus model is

a
o, =2m(b+X) —,

' h+ —sin ' — +& (6.3)

where 2a is the length of the symmetry axis of the
ellipsoid of revolution, 2b is the diameter of the
largest circular cross section, and c' =a' —b'.
This equation reduces to the familiar 2m(a + L)'
when a = b. It can also be shown that up to fourth
order in the parameter c/a, (6.3) is identical to
the total cross section 2v(A+4. }'for a spherical
nucleus with a radius R which has the same volume
as our ellipsoid of revolution. Thus, the results
given in (6.2), namely Bop,q /o, =-0.026, can be
interpreted in another way. We can imagine an
"equivalent" deformed nucleus which is aligned
completely along the beam direction. There is a
reduction in the geometrical area of 0.026, and
hence the equivalent nucleus must have an axis
larger by the factor 1.026 in order to have the
same volume. Thus, we can say that the fractional
increase in path length in the "equivalent nucleus"
is given by

(6.4)

Now let us calculate the energy shift in the maxi-
ma and minima due to the change in the effective
path length when we align the deformed nucleus.
We know" that the positions of the peaks are de-

we must take into account when we increase the
effective path length through the nucleus.

Let us first calculate the reduction in the total
neutron cross section using the black-nucleus mod-
el. It can be shown that the nuclear-deformation
effect in terms of this model, no/, f ~, is given by
Eq. (22) of Ref. 3 with some slight modifications

~BN} A~ B2 5[ 3K —I(I + 1)]' A, B,(max) (I+1)(21+3)

(6.1)

We have neglected the &4 and B, terms as they are
insignificant. Here o, is the black-nuclear total
cross section, A., and A, are integrals relating to
the shape of the deformed nucleus, and P is the
angle between the incident neutron and the orienta-
tion axis. Evaluating (6.1) for our experimental
conditions, namely, 0 =0.33, B,/B, (max) =0.30
(T=0.32 K}, I=K=-,', and /=0, yields"
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termined by

(X —II)L =C,

where

(6.5)

oriented)/dE as a function of E is shown in Fig. 13.
If one compares this with the experimental values
of 40(fe f in Fig. 6, it is seen that -&ogp f oscillates
in approximately the same way as does our do, (un-
oriented)/dE curve, which is in qualitative agree-
ment with our Eq. (6.9).

To obtain the energy shift, ~, we use the first
relation of (5.2) namely,

We assume that (6.6) is applicable not only at the
peaks and valleys, but everywhere. Such an as-
sumption is reasonable because ~ in this equa-
tion is a very smooth function of E.

If there were no reduction in the effective area
seen by the neutron when a prolate nucleus is
aligned with its symmetry axis parallel to the neu-
tron beam, then the total cross section, o,(E, ori-
ented), for the aligned target at energy E would be
equal to the total cross section, o,(E —~, unori-
ented), for an unaligned target at energy E —~.
However, from our previous analysis using the
black-nucleus model, we know that there is a re-
duction in the cross section of 2.6% for our experi-
mental situation. Thus, we have the approximation

o,(E, oriented) = o,(E —~, unoriented)

—0.026[ 2II(R+ 4)'] . (6.7}

L is the path length, and C is a constant.
The positions of the valleys are given by an equa-
tion similar to (6.5) but with a different constant.

From (6.5) one obtains the shift in the energy of
the peaks (or valleys) in terms of the change in
path length by

2[(V+E)E]I» [(V+E)II2 E»2] ~
(V+E)I&2 E»~(1 ydV/dE)

V = 47.30 —0.227E,

and thus

dV/dE = -0.227.

(6.10)

(6.11}

VII. CONCLUSIONS

The experimental determination of the nuclear-
deformation effect for "'Ho, covering an energy
range of -2 to 135 MeV, has established both its
oscillatory nature and sign reversal. The data
are in very good agreement with the three discrete
energy points 14 MeV, ' and 8 and 15 MeV, mea-
sured earlier. Recent measurements at 1.85, 4.50,

The energy shift ~ can be calculated from (6.6)
by putting in 0.026 for ~/L and it is found to be a
slowly varying function of energy. It increases
from a value of 0.39 MeV for E = 1.5 MeV to 1.9
MeV for E = 70 MeV, and then decreases to 1.6
MeV for E =130 MeV.

EopI can then be obtained from (6.9}, where we
used 1.25A ' ' fm for A. The results from this mod-
el are shown in Fig. 6 as the dashed curve. The
general features of the shape and oscillations of
the experimental 40~,f data are well reproduced
by our semiempirical model over the entire ener-
gy range, thus indicating that the physical picture
presented here is quite good.

The nuclear-deformation effect in terms of this
semiempirical model is

hoPEf~ -=o,(E —~, unoriented)

0.026[2II(R+ 4)'] —o,(E, unoriented) .
(6.6)

Because aE is small (of the order Of an MeV), we
have

&ysE& -dITI(unoriented} ~ p p26[2v(ft+~) ]

(6.9)

To evaluate the first term in (6.9), we obtain
do, (unoriented)/dE by drawing a smooth curve
through the experimental points of the total cross
section and measuring the slope of this smooth
curve graphically. The resulting curve of do, (un-
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NEUTRON ENERGY (MeV)

FIG. 13. The do., {unoriented)/dE versus & curve
shown here was obtained by graphically differentiating
our o.

~ experimental data.
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and 5.60 MeV by McCarthy et al. ,
"although not

plotted in Fig. 6, are also in good agreement with-
out data.

The theoretical predictions of the optical model
using the ACC gave a very good fit to our 40d f
data, Figs. 6 and 7, and a relatively good fit to
our o, data, Fig. 5. Although our fit of o, around
10 MeV is about 5% too high, it should be remem-
bered that the optical-model parameters were
solely determined by fitting the o, and aR data for
the two adjacent spherical nuclei Cd and Pb, and
then incorporating only the known quadrupole de-
formation parameter (P =0.33) for '~'Ho in the ACC
to obtain o, and 4odgf.

We have also shown that our simple semiempiri-
cal model, which makes use of the black-nucleus
model, the nuclear Ramsauer effect, and the ex-
perimental o', data, gives excellent agreement with
oug experimental results for «deaf The question
of whether the value predicted for &ad, fby the
black-nucleus model alone, namely, Ao'P, ~ given
in (6.1), would agree with the experimental results
at high energy (&100 MeV) cannot be answered in
the present work, as the accuracy of our measure-
ments at these energies is relatively poor. If the
total cross section still oscillates, then the black-
nucleus limit will not be reached. Although very
little data exist for total neutron cross sections
in the energy region above 120 MeV, there is some
indication" that there are only three maxima and
minima appearing in o, and hence, perhaps, the
black-nucleus limit is reached. "

Although the value predicted by (6.1) for Dog f~

does agree with the experimental 4ode f at certain

discrete energies, namely, where the monotonical-
ly decreasing curve of A(s), ~~ crosses our oscillat-
ing experimental &odgf data, this agreement is
fortuitous. The result of Inopin, "showing that the
15-MeV result of Fisher et a/. 4 is in good agree-
ment with the black-nucleus model, is slightly in
error and therefore is not one of these fortuitous
agreement points.

Finally, we have shown in measuring the tempera-
ture dependence of 40d f, Fig. 8, that the excel-
lent agreement with our calculated values for B2/
B,(max) is consistent with "'Ho being almost a
pure quadrupole-shaped nucleus as concluded by
Hendrie et al x
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A 10-cc coaxial Ge(Li) detector and a 2-in. x 2-in. NaI(Tl) detector were used in conjunction
with a multichannel coincidence configuration to investigate the following y-y directional corre-
lations in the decay of 11.1-day Nd: 319-91, 398-91, 440-91, 121-319, and 276-319 keV.
Using the well-established values of Y~ and f for the ground and 91-keV levels, respectively,
and an admixture of (1.6 +0.4)% E2 for the 91-keV transition, this experiment favored the fol-
lowing spin assignments to the various levels: 410 (2), 489 (~), 531 (2), and 686 keV (2). The
M1+E2 multipolarity mixtures obtained, which are in agreement with nuclear-orientation and
internal-conversion measurements reported by previous investigators, for each of the respec-
tive y transitions are: 121 (1.5 +0.5)% E2, 276 (-1)%E2, 319 (11+ 2)% E2, 398 (3 + 2)% E2, and
440 keV (27+7)% E2. A 310-keV y ray proposed by several investigators was directly observed
in the Ge(Li) spectrum; measurements indicate that this peak decays with the half-life of Nd

I. INTRODUCTION

A considerable number of investigations' "have
been made of the decay of 11.1-day Nd'" to Pm'".
The locations of excited levels of Pm'" at 91, 410,
489, 531, and 686 keV, as depicted in Fig. 1 have
unambiguously been established. The introduction
of a level at 680 keV has been proposed by Hill and
Wiedenbeck' which deexcites to the 91-keV state
via a 589-keV y emission or to the ground state via
a 680-keV y emission. Studies by Canty and Con-
ner' also support the inclusion of such a level.
Gunye, Jambunathan, and Saraf' and Spring' have
proposed a 720-keV level depopulating via a 310-
keV transition to the 410-keV level.

The ground state of Nd'" has been measured by
paramagnetic-resonance studies' and the atomic-
beam method, ' which consistently assign the spin
value 2 . The spin of the Pm"' ground state has
been measured by Klinkenberg and Tomkins' as

—,
' ' corresponding to the g», shell-model state.

The 91-keV excited state of Pm"' is populated
from the ground state of Nd'" via P decay with a
log ft value" of 1.4, indicating that this P transi-
tion is first forbidden. This subsequently limits
spin assignments to the 91-keV level to 2', 2, or

The predominantly M1 character of the 91-
keV transition" eliminates the &' possibility. Nu-
clear-orientation experiments by Westenbarger
and Shirley' exclude a ~7' assignment because it re-
sults in an E2 admixture of 48% or more for the
91-keV y ray. By internal-conversion measure-
ments, Ewan' has estimated this admixture as
-l%%uo, while Westenbarger and Shirley affix an upper
limit of 2%%up E2 to this transition. Reinterpretation
of the Oxford directional and polarization data" by
West~nbarger and Shirley' yields the same results.
Thus this level is assigned a spin of 2'.

On. the basis of relative photon intensities studied
witu ~ Ge(Li) detector, Hill and Wiedenbeck' were


