
VQLUMK j.6, NUMBER $ 31 J~NUxRv 1966

impossible to answer this question in the present adia-
batic model, but application of the random-phase ap-
proximation, taking the vibrations into account dy-
namically, should shed light on the problem.
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%e have mea, sured the effect of nuclear de-
formation on the total cross section of x65Ho

using 14-MeV neutrons and an aligned target.
This is an extension of our previous work' done

with neutrons of energy 0.35 MeV, in which the

data were explained very nicely in terms of
the nonadiabatic coupled-channel calculation
(NACC). ' Since the energy is high in the pres-
ent case, we should be able to use the adiabatic
coupled-channel calculation (ACC).' As is shown

below, the present experimental data are indeed
well explained by this calculation.

The aligned '"Ho target wa. s obtained by cool-
ing a, metal single crystals to 0.33'K using the
National Bureau of Standards 'He refrigerator.
The atomic moments in this temperature re-
gion are canted out of the basal plane of the

hcp lattice by a small angle (-10') and form
a periodic spiral spin structure. ' Owing to
the large hyperfine interaction a high degree
of nuclear alignment' (f, =0.31 for 0.33'K) is
obtained for each group of nuclei whose atom-
ic moments lie along a common axis. There
al e perhaps 12 of these axes lying essentially
in the basal plane. This degeneracy (of having
more than one alignment axis) can be removed

by lining up the atomic moments with a rnag-
netic field. In the presence of a field we have
not only an aligned target, but a polarized tar-
get a: well. However, in the present experi-
ment we require only nuclear alignment. Since
we restrict ourselves to a total cross-section
measurement, we do not have to remove the
degeneracy of having many alignment axes in

the basal plane as long as this plane is perpen-

dicular to the beam direction. '
The '"Ho single crystal used in these mea-

surements, although rather large for a rare-
earth metal crystal, was nonetheless small
when considered as a nuclear target for 14-
MeV neutrons. The available area of the crys-
tal (-1 cm') and its thickness (1.08 cm) put

stringent requirements on the source of 14-
MeV neutrons used; namely, a well collimated
small beam with inherent high counting stabil-
ity. The last requirement was needed because
the change in transmission due to nuclear align-
ment was expected to be rather small. A fine-
ly collimated beam of 14-MeV neutrons was
obtained by careful collimation of the alpha
particle produced in the reaction 'H(d, n)'He
and by detecting it in fast coincidence with its
associated neutron. The coincidence alpha pulse
provides the accurate and stable neutron nor-
malization required. The National Bureau of
Standards 2-MV Van de Graaff was used to pro-
vide a 1-p.A, 300-keV deuteron beam. Thin
Ti-T targets (175 pg/cm') were used as the
neutron source.

The total cross section of unoriented '"Ho
was measured using two polycrystalline sam-
ples, with the same beam and detector condi-
tions as those used for the cryogenic target
measurements. This geometry was not opti-
mum for a, transmission measurement (the in-
scattering corrections were rather large), but

was tolerated since we wanted to make these
measurements under the same conditions as
those needed for the aligned-target ones. The
in-scattering correction was made using a the-
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Table I. Results of the transmission measurements
on unoriented 5Ho.

Measurement
No.

Transmissionb
t =1.259 cm t =3.340 cm

1
2

3

5
6

Weighted mean
O.t (b~c

0.8289 + 0.0011

0.8324 ~ 0.0009
0.8330 + 0.0010

0.8310 + 0.0012
0.8313+ 0.0005

5.26 + 0.08

Vt = 5.26 *0.06 b

0.6198 *0.0009

0.6196 + 0.0011

0.6197 + 0.0007
5.26 + 0.09

oretical angular distribution generated by ACC'
and using the optical-model pa, rameters [Eq. (4)
below] that fitted the total cross section and
the deformation effect. The results of these
transmission measurements are shown in Ta-
ble I. Each transmission measurement was
made up of 41 consecutive 10-minute runs with
the sample alternately in and out of the beam.
The data showed no systematic trends and ex-
hibited the 0.1% reproducibility from measure-
ment to measurement consistent with the total
number of counts recorded for each measure-
ment, which was typically 10'.

The transmission of the '"Ho single crystal
at 0.33'K (f2 =0.31) and at 4.2'K (f2 = 0.005)
was measured in a fashion similar to the poly-
crystalline room-temperature measurements
described above. 10 such transmission mea-
surements were made; four at 4.2'K, four at
0.33'K, and two additional measurements at
0.33'K with reduced 'He level. The results
of these measurements are shown in Fig. 1.
Calculation made of the level of ~He in the sam-
ple tube during normal running of the refriger-
ator indicated that it was more than a milli-
meter below the bottom of the beam. Although
this is an adequate safety factor (the beam-
crystal alignment was +0.5 mm, it was felt
that a further check was desirable. The re-
frigerator was operated with only —,

' of its nor-
mal charge of 'He in the system. The results
of these two measurements with reduced 'He

These measurements were carried out at room tem-
perature using polycrystalline samples and under the
same beam and detector conditions as those used for
the cryogenic target.

bThese data have been corrected for background only.
The errors quoted are the standard deviation of the
mean.

cThese results have been corrected for in-scattering.

(see Fig. 1) agreed well with the other four
0.33'K measurements. The fractional change
in the total cross section, hot/vf, due to nu-
clear alignment is given by

ln(T/T )

ln(1/T) —(Ãt(x)

where ag ~ and Ta are the total cross-section
and transmission ratio, respectively, for the
aligned target; T is the unaligned transmission
ratio; N, t, and 0 are the nuclear density, thick-
ness, and 14-MeV total-neutron cross section,
respectively, for two thin copper plates used
to hoM the "'Ho single crystal in its mounting
basket in the cryostat. The measured trans-
mission T and T~ were corrected for in-scat-
tering, . The angular distribution for the aligned
target was calculated using our value of f, and
the same optical-model parameters as those
used for the unaligned angular distribution.
This correction increases the effect by a small
amount (4%). The resulting value of ~o&/ot
is +(3.48+ 0.75)%. Using the value for af given
in Table I, we ebtain (for our value of nuclear
alignment)

60 =+1S3+39 mb,

wbere the positive sign indicates a larger cross
section for nuclei aligned perpendicular to the
incident beam than for randomly oriented nu-
clei. If we ignore the contribution of the high-
er order nuclear alignment parameters (f,
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FIG. 1. Transmission data for the ~6~Ho single crys-
tal. The errors shown here are the standard deviation.
of the mean. The shaded areas represent the standard
deviations of the weighted averages of the measure-
ments at 0.33 and 4.2'K.

WEEi~P/i&888888/Ãd~EPPYPPEEPÃ878/iii~
—0.8240—O
M
CA

CA

~PiPXXYYEPXXYY/diW/iWMMP) &PY8pX/ZPEÃYEi
0.8200—



VOLUME 16, NUMBER 5 PHYSICAL REVIEW LETTERS 51 JaNvaRv 1966

and f,), we would predict a value of 340+ 70
mb for complete nuclear alignment (the m =+ 7

is the only magnetic substate populated in this
case) perpendicular to the beam. For the case
of complete alignment parallel to the beam,
we mould predict a decrease in the cross sec-
tion of about twice this amount (-680 mb). Thus
our result is consistent with the recent exper-
imental data of Shelley et al.'

In order to check that the effect we observe
is really due to nuclear alignment and not to
some systematic error (e.g. , if holmium met-
al had an abnormally large volume-expansion
coefficient in the 4.2 to 0.33'K temperature
region, we would observe an apparent change
in the cross section when in reality the nuclear
density was changing), we made a series of
transmission measurements on a dummy"
holmium sample. This sample was cut out
of a polycrystalline rod of holmium metal into
the same shape and mounted in the cryostat
in the same way as the single crystal. There
can, of course, be no net nuclear alignment
at any temperature in a. polycrystalline sam-
ple. Transmission measurements were made
at 4.2 and 0.33'K in exactly the same way as
those made on the single crystal, and the re-

Measurement
No.

Transmission
T = 0.33'K 7.' = 4.2'K
(f2 = 0.00) (f2 = 0.00)

11
12
13
14
15

Weighted mean

0.8229 + 0.0010

0.8243 + 0.0008
0.8211 + 0.0012

0.8225 + 0.0014

0.8242 + 0.0011
0.8231 + 0.0006 0.8235 + 0.0009

This sample was nearly identical in shape and size
to the single-crystal sample.

The errors quoted are the standard deviation of the
mean.

suits (see Table II) indicate the absence of any
systema. tic errors in our measured alignment
effect.

By using the asymptotic form of the scattered
wave in ACC [Eq. (69) of Ref. 2], one can easily
write down the theoretical expression for the
total cross section ot for any orientation of the
target (and the polarization, if any, of the pro-

jectilee):

Table II. Results of the transmission measurements
on polycrystalline ~65Ho.a

v =(4w/0 ')Q Q P (2l'+1)(l-,'Om Ijm )(l'-,'Om 'lj'm ')
ii ' m m 'M M ' ljl'j'm .s s 1 1 j

xP(jj'm -m '
~
JM (jj'm. —m. ISO)(I JM M (I M ')(I JKO(I Z)s s

(3)

/=0. 3. (4)

With these parameters we get

a (unoriented) = 5.296 b and Aa =+176 mb, (5)

The meaning of all the notations that appear
in (3) can be found in Sec. V of Ref. 2. The
scattering coefficients Cl l Ij/ j are obtainedjj
by solving the coupled equation in ACC [Eq. (68)
of Ref. 2]. The optical-model parameters
[Eqs. (1) and (3) of Ref. 2] used are as follows:

V=46, W=O, W =75, V =75
s0

(all in MeV);

ro=r0=1.25, a =0.65, a =0.47 (all in fm);

which are in complete agreement with our ex-
periment (within the experimental error).

Since the optical-model parameters in (4)
are consistent with the elastic-scattering analy-
sis' of 14-MeV neutrons by various targets
and with the analysis' of the scattering of 17.5-
MeV protons by "5Ho, the good agreement ob-
tained here allows us to conclude that the pres-
ent results ean be explained by the eoupled-
channel calculation. It should be noted that the
value 0.3 for the deformation parameter g can
be used here as well as for 0.35-MeV neutrons. '

The corresponding value of b.ot/vt for a black
nucleus" was calculated to be 2.13'%%up which
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is much smaller than that observed (and pre-
dicted by ACC); therefore, it is clear that 14
MeV is not yet a sufficiently high energy to
allow the use of the black-nucleus model, a
conclusion that is not unexpected.
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A great deal of work has been done in trying
to obtain a formula that will give the masses
of all nuclides in the periodic table. These for-
mulas range from the semiempirical type, whiich

are based on a physical picture of the nucleus
and involve a small number of parameters, to
phenomenological varieties which employ a
large number of parameters. ' Such a formu-
la, based usually on the masses of known nu-
clides, may be used to predict the particle sta-
bility of undiscovered isotopes. A mass for-
mula, however, will in general be too approxi-
mate to make such predictions to a sufficient
degree of accuracy. Away from the valley of
stability, the inaccuracies in the simpler for-
mulas are of orders of a few Me7 whereas the
usual binding energy against neutron emission
for extremely neutron-rich nuclei would be of
this magnitude. It is possible to develop cer-
tain simple relations between nuclidic masses, ' 3

which will be valid, independently of the actual
variation of mass with atomic number and
charge. Such relations will certainly not re-
place a mass formula, but may be very useful
because of their simplicity and greater accu-

racy in making ground-state mass predictions.
It is the purpose of this communication to

present such a relation, based on an indepen-
dent-particle model of the nucleus, and to show
the agreement of this relationship between the
known relevant nuclidic masses. Using this
relationship, certain definite statements may
then be made about the stability against nucleon
emission for several light nuclei of current
interest. 4"

The interaction energy of a system of nucle-
ons is composed of an electrostatic term and
a nuclear term- Adopting the independent-par-
ticle picture, nucleons are described as mov-
ing in a self-consistent single-particle field.
Each single-particle level is fourfold degener-
ate, corresponding to the operations of time-
reversal and isospin conjugation. A proton
and a neutron with spins up and down may there-
fore occupy each level. The bulk of the two-
body nuclear interaction is absorbed into the
single-particle Hartree-Fock energies, and
the residual interaction will be primarily be-
tween nucleons in the same level. No assump-
tions are made about the quantitative aspects


