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Sources of (Pm!4),0;3 and (Eu'$2);0;, moving at the high linear velocities available with ultracentrifuges,
provided the resonant gamma radiation for the excitation of the 1.46-MeV 1~ level in Sm!*® and the 0.96-
MeV 1-level in Sm!2, The partial width T'y for the 0.96-MeV E1 ground-state transition in Sm'2 was deter-
mined in a self-absorption experiment as T'o= (7.320.6) X 1073 eV. With a branching ratio I'o.e6/T0.81=0.77,
this leads to a mean life Tieve1(0.96 MeV) = (3.94:0.4) X 107 sec. The scattering data from Sm'*® were
analyzed, using slowing-down information obtained from a study of the shape of the 0.96-MeV Sm!'®
emission line, and a mean life Tieve1(1.46 MeV) = (1.4_0.579-6) X 10713 sec was obtained. These results show
that the E1 transitions from the 1~ states in Sm!¥8 and Sm!®? are considerably retarded, the retardation for
the transitions in the spherical nucleus Sm!8 being almost 1 order of magnitude larger than that for the

E1 transitions in the deformed nucleus Sm?52,

I. INTRODUCTION

EVERAL even-even rare-earth nuclei are known!
to have 1~ states with excitation energies of the
order of 1 MeV. The character of these states is rather
uncertain,! and it appeared of interest to obtain addi-
tional experimental information concerning them. So
far, the lifetimes of two 1~ levels had been investigated.
A value of 7= (4.740.5)X 10" sec was reported? for
the mean life of the 0.96-MeV excited state in Sm!®?
while a lower limit3 of (2.040.4)X107* sec and a
range! 1.4X104<7<3.4X 107 sec were established
for the 2.18-MeV state in Nd™. In all cases, resonance-
fluorescence techniques were used. For the state in
Sm!®2, no special effort was necessary in order to es-
tablish the resonance condition because the Doppler
effect due to the preceding radiation plus the thermal
agitation are sufficient to compensate for the recoil
energy losses. For the 2.18-MeV transition in Nd*¥, on
the other hand, the beta recoil is not sufficiently large,
and the overlap of emission and absorption line is due
to the tail of the Lorentz shape of these lines. If the
lifetime is a few times 10~ sec or longer, this contribu-
tion is too small to be observed. For the 1.46-MeV
transition in Sm™8, the situation is slightly more favora-
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able than for Nd!* because the maximum beta recoil is
just about sufficient for compensation. In spite of this,
preliminary experiments using Pm™® sources were un-
successful, indicating that the mean life of the 1.46
MeV level in Sm!*® was of the order of, or larger than,
1013 sec. From Fig. 1, which depicts the Sm!® situation
in the absence of slowing down, it becomes clear that the
resonance effect could be drastically increased if emitter
and absorber were moving toward each other, i.e., if
the gap separating the emission line from the absorp-
tion line were reduced. This aim can be achieved,
since presently available ultracentrifuge rotors® provide
Doppler shifts of AE/E=4X10"%, which is of the order
of magnitude of the gap AE/E=10.6X10-%. In Fig. 1
the dashed line represents the shifted relative position
of the absorption line for a convenient source speed of
1.07X10% cm/sec (2800 rps). For this speed the in-
crease in the overlap of emission and absorption lines,
and hence the increase in the resonance effect, amounts
to almost two orders of magnitude. In view of this
large gain in sensitivity it was decided to carry out
such an experiment with Sm™8,

The evaluation of the observed resonance scattering
in terms of the lifetime of the 1.46-MeV state of Sm™®
would be straightforward if the situation depicted in
Fig. 1 prevailed. Unfortunately, the shape of the emis-
sion line shown in Fig. 1 is only realized if the beta
recoil is fully effective, i.e., if the slowing down of the
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132, 1753 (1963).

B 1415
Copyright © 1965 by The American Physical Society.



B 1416

excited nuclei prior to the emission of the 1.46-MeV
gamma radiation is negligible. For a level with a mean
life of the order of 10~ sec this is no longer true if
solid or liquid sources are used, and the knowledge
of the slowing-down behavior enters into the evaluation
of the experimental data. For the range of recoil ener-
gies of a few electron volts to tens of electron volts,
the experimental slowing-down information comes from
resonance fluorescence experiments. Of these, only two
had investigated the shape of the collision-modified
emission line, one for Sm'2¢ the other for Re'¥”.7 The
experiment with Sm!® appeared to be in conflict with
the expectation based on other slowing down data.28
Since information concerning Sm'? is especially perti-
nent to the case of Sm*8, it was decided to repeat the
study of Sm'2. Another reason was the disagreement
between two values reported for the lifetime of the
0.96-MeV level in Sm!? one determined in a self-
absorption study,? the other in a scattering experiment
utilizing Compton-scattered Co® gamma rays as the
exciting radiation.?

In the following sections, we shall describe the ex-
perimental procedures, analyze in succession the self-
absorption data obtained with Sm!¥? the scattering
from Sm?? measured at different rotor speeds, and the
scattering from Sm!8. The information on E1 transition
probabilities in Sm!® and Sm'® obtained in this way
will be summarized and discussed in the final section.

II. EXPERIMENTAL PROCEDURES

All the experiments were carried out using titanium
alloy rotors in a conventional scattering geometry.®
The samarium metal scatterer measured 23X 11X % in.
Neodymium metal served as the comparison scatterer.
Except for the angular distribution measurement with
Sm™8, all experiments were carried out with a scatter-
ing angle of 105°, this choice combining good shielding
with a favorable solid angle.

A source of 5.4-day Pm!8, prepared by neutron ir-
radiation of a few tenths of a milligram of (Pm'¥"),0;
powder in the Oak Ridge National Laboratory Research
Reactor, provided the exciting 1.46-MeV gamma radia-
tion for the study of Sm™S. In the case of Sm'*?, 9.3-h
Eu'? prepared by neutron irradiation of EusOs, was
used.

The output of the 3-in.X3-in. Nal detector system
was connected to a 400-channel RIDL analyzer. A lead
absorber, 1 in. thick, placed in front of the detector,
removed the intense low-energy component from the
scattered radiation.

With the Pm™® source, pulse-height distributions
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F16. 1. The broad curve depicts the collision-free shape of the
1.46-MeV gamma line emitted by an ensemble of Pm!*® nuclei.
With source and scatterer at rest, the absorption line (‘0 RPS”’)
is located near the high-energy end point of the emission line.
For a rotor speed of 2800 revolutions per second, corresponding
to a tangential velocity of 1.07X10° cm/sec, the absorption line
(dashed curve) exhibits considerable overlap with the emission
line.

were measured for both scatterers with the source at
rest, and for source velocities of 1.07, 0.92, 0.76, 0.61,
and 0.46 km/sec. A typical pair of pulse height dis-
tributions is shown in Fig. 2. The 1.46-MeV line is well
resolved from the background, which also exhibits a
1.46-MeV peak due to insufficient shielding of the
crystal against the direct radiation from the rotating
source. For the evaluation of the scattering data, the
counts in channels 68 through 74 were added.

An additional run was carried out with a scattering
angle of 130°. The purpose of this measurement was
to ascertain that the resonance scattering originated
from a level with spin 1 and not from a level with
spin 2.

For the Sm!? level, the counting rates were two
orders of magnitude larger than for the Sm!8 level.
Consequently, it was possible to obtain significant data
at 20 different source speeds with one Eu!®? source. A
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Fi6. 2. Resonance scattering from Sm!8 at a source velocity
of 1.07X10% cm/sec. The pulse-height distributions of the radia-
tion scattered from Sm (circles) and from Nd (crosses) are com-
pared in the region of the 1.46-MeV full-energy peak. The peak
observed with the Nd comparison scatterer was also observed in
the absence of any scatterer and is attributed to insufficient
shielding of the detector.
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Fi16. 3. Resonance scattering from Sm!52 at a source velocity of
1.10X 105 cm/sec. The pulse-height distribution of the radiation
scattered from Sm (circles) exhibits two peaks, since the 0.96-
MeV 1~ level decays to the 0.12-MeV 2+ state as well as to the
ground state of Sm1%%. The background counting rate (crosses)
was measured with a Nd scatterer.

typical pair of pulse height distributions is shown in
Fig. 3. In this case, the counts in channels 58 through
78 were added and these sums were used for the de-
termination of the shape of the resonance effect versus
source velocity.

For the redetermination of the lifetime of the 0.96-
MeV level in Sm'?, the scattering data alone were not
of much use since they were affected by collisions. A
self-absorption experiment was, therefore, carried out
at a source speed of 1.02 km/sec, because at this
speed the scattering effect was several times larger
than the effect for the Eu'® source at rest, and the
emission line was reasonably smooth. Absorbers of
Sm,03 and Nd;0s, with a surface density of 2.34 g/cm?,
were alternately placed into the path of the incident
beam, and the change in the scattering from the Sm
scatterer was measured. To insure that the measured
absorption was not affected by resonance radiation
from the absorber reaching the detector, additional
measurements were carried out using the comparison
Nd scatterer and interchanging the absorbers.

III. ANALYSIS OF EXPERIMENTAL DATA
A. Self-Absorption in Sm!%2

If the resonance scattering counting rates with the
Smy0; and Nd»O; absorbers are denoted by Cs., and
Cng, the fractional change R= (Cxa—Csm)/Cna is 2
measure of the self-absorption, provided the absorbers
have been matched with respect to their nonresonant
absorption. The experimental value for R, obtained in
7 h of centrifuge operation, is R=0.11940.008. In first
approximation,”® R is related to the partial width T'
for the ground-state transition by

R=n4t(gs/g)NToX i[7(AP+A2) ]2, ¢y
10 |, R. Metzger, Phys. Rev. 103, 983 (1956) ; and in Progress in

Nuclear Physics, edited by O. R. Frisch (Pergamon Press, Ltd.,
London, 1959), Vol. 7, p. 54.
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where 7, is the number of resonant nuclei per cm? of
the absorber, ¢ the absorber thickness in cm, g»/g: the
ratio of the statistical factors of excited state and
ground state, respectively, A the wavelength of the
gamma radiation, and A, and A, are the thermal
Doppler widths!® of absorber and scatterer. Using effec-
tive temperatures'® of 306°K for both, one calculates
A,=A,=0.586 eV. With go/g1=3, n,¢=2.15X10* Sm!5
nuclei per cm?, and A2=1.66X10% cm?, the experimental
absorption leads to a partial width I'y=6.53X10-2 eV.
A more accurate evaluation, in addition to considering
higher terms, has to take into account the effect of the
finite thickness of the scatterer on the measured self
absorption. Using the Doppler form'®—as is justified by
the small value of I'c—the following expression for R
is obtained:

D
/ Ee—nx(wen+<7e'5)S(nsKsWC'i'naKat)]dx
R=1-2 » @
D
/ [e—na:(ve'l+t7el5>S(n3Ks’)1x)]dx
0

where
()= g (—1)mgm/ T (m+1)12]

and
K,=gNT'o/4n'2A, .

In Eq. (2), » is the total number of nuclei per cm?® of
the scatterer, while %, is the number of resonant nuclei
per cm® of the scatterer. The total electronic cross
section for the incident radiation is denoted by ., the
poor geometry cross section for the outgoing radiation
by o.. o/ was obtained by subtracting 209, of the
Compton cross section from o.. The integration was
carried out over the depth x of the scatterer, D being
the total depth or thickness. 4 and ¢ take into account
the oblique entrance and exit of the gamma rays.

The right-hand side of Eq. (2) was evaluated for I'y
values ranging from 6.6X 1072 to 8.2X 1072 ¢V ; in Fig.
4, the calculated self absorptions are compared with
the experimental value. In this way, the partial width
Ty was determined as

o= (7.320.6)X 1073 eV.

This value is considerably higher than the result I'
=5.92X 1073 eV of another self-absorption experiment.?
However, when the experimental points shown in Fig.
3 of Ref. 2 were reanalyzed using an appropriate
modification of Eq. (2), a value Ty=7.1X10"% eV,
which is in much better agreement with our result,
was obtained. Taking into account the curvature in
the emission line at zero speed would further increase
the value of T'g deduced from the experiment of Ref. 2, -
and might lead to a value of I'y which is even slightly
larger than our result.

From the decomposition of the pulse-height dis-
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tribution of the incident gamma-ray beam and of the
resonance-scattered radiation into the contributions of
the 0.96- and 0.84-MeV lines, and taking into account
the effects of the angular distributions and of the ab-
sorption in the scatterer, a value I'g.¢6/T0.5a=0.7720.04
was obtained. This is to be compared with ratios of
0.714? and 0.80" used elsewhere. The ratio T'o.ye/T0.54
=0.77 corresponds to I's/T'=0.435 and, with our value
for T, leads to a total width I'=(1.720.2) X102 eV
for the 0.96-MeV level in Sm!%2. The mean lifetime of
this level is, therefore,

Tlevel ™ (39:!:04))( 10— sec.

B. Slowing Down in (Eu'®),0;

The resonance scattering from Sm!®?, measured for
different rotor speeds, i.e., as a function of the energy
difference AE between the centers of the emission and
absorption lines, is compared in Fig. 5 with the scatter-
ing expected for a collision-free source. The resonance
effects are plotted at the abscissae corresponding to
the respective tangential source velocities, although
the measurements as well as the calculations were
averaged over emission angles differing by as much
as 30° from the tangential direction. In calculating the
collision-free curve, the energy available for the electron-
capture transition was assumed® to be 0.94 MeV, and
the ratio of K capture to L capture, seven to one.

Figure 5, showing a large difference between the ob-
served shape and the collision-free shape, demonstrates
that, even for a lifetime as short as 3.9X 107" sec, the
slowing down effects are sizeable. The extension of the
data of Moon and Shute® to smaller values of AE, made
possible by the higher operational speed of our rotors,
clearly proves that the observed resonance effect does
not level off as the gap between emission and absorp-
tion lines is reduced, but increases monotonically, in
sharp contrast to the collision-free curve and to the
extrapolation used in Ref. 6.

In evaluating the slowing down information con-
tained in Fig. 5, we shall concentrate on the most
energetic recoils, i.e., on those which contribute to the
region near the end points of the emission line. We

1 Nuclear Data Sheels, compiled by K. Way et al. (Printing
and Publishing Office, National Academy of Sciences—National
Research Council, Washington 25, D. C.) NRC59-4-86.
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then use the simple picture®2 that these recoils move
with essentially their initial velocities for a time 7.,
and that they are then removed rather abruptly from
their original high-momentum interval. Since the ther-
mal velocities are one order of magnitude smaller than
those of this select group of recoils, and since collisions
between fast recoils are extremely rare, it is very im-
probable for a low-energy recoil to be promoted to the
high-momentum group. This means that the emission
line, while being decimated near the end point, will
preserve to a considerable extent its original shape in
this region. If the nuclear lifetime is designated by
7n, the intensity near the end points, in units of the
collision-free intensity, is given by the fraction of
excited states which decay within the collision-free
time =, i.e., by

F=1—exp(—7./7n). 3)

For 7,&n, this becomes F= 7,/7,. This simple picture
has obtained considerable support by rather extensive
theoretical studies® of the trajectories of copper recoils
in a copper lattice, studies that led to a satisfactory
description of the resonance yield from solid copper
sources.!4

Of course, if one moves farther away from the end
points towards the center of the emission line, the
depletion will be partially offset by filling-in from
regions closer to the endpoints, and one will reach a
point (AE~3 eV in Fig. 5) where removal and filling-in
are in balance.

Above AE=5.5 eV, the experimental curve and the
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F16. 5. Sm'®: Resonance scattering from the 0.96-MeV level
for different values AE of the separation of the absorption line
from the center of the emission line. With source and absorber
at rest, the absorption line center (AE,) is 6.52 eV above the
center of the emission line. Qur experimental points (e) for
different rotor speeds, i.e., for different values of AE, are com-
pared with the results of Ref. 6 (®) and with the expected be-
havior (solid curve) for a collision-free Eu'®? source. The points
to the right of AE, were obtained with the source moving away
from the scatterer, those on the left of AE, with the source
glltgving towards the scatterer. One electron volt corresponds to

Ips.
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4 J. B. Cumming, A. Schwarzschild, A. N. Sunyar, and N. T.
Porile, Phys. Rev. 120, 2128 (1960).
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collision-free curve in Fig. 5 have approximately the
same shape, the experimental points being lower by a
factor of 2.3. This means that the factor F in Eq. (3)
has the value F=1/2.3=0.435. With 7,=3.9X 10~
sec, Eq. (3) then yields 7,=2.2X10" sec. Since the
velocity of the fast recoils is =2X10% cm/sec, the
distance traveled by the recoils during the collision-free
time is 4.4X107® cm. This value is in accord with
reported collision-free distances of 3.10~% cm for Re!8”
in tungsten? and of 10.10~% cm for Ce® in Lay0;.8 In
the Re!®” case, a smaller distance is expected because
of the tighter lattice and the fact that all collisions take
place between atoms of equal mass. The value for
Ce!® is an upper limit since the experiment was carried
out without an ultracentrifuge, and the transition
energies are such that the absorption line falls into a
region of the emission line where filling-in from higher
momentum recoils leads to a larger resonance effect
and hence an overestimate of the collision-free distance.
For the following we shall use the value 4.4X109 cm
for the collision-free distance in rare-earth oxides.

C. Scattering from Sm148

The results of the scattering experiments with Sm!8
are summarized in Fig. 6 where the resonance effect is
plotted versus the rotor speed. Near the end point of the
emission line, which, in this case, almost coincides with
the zero-speed point, the shape of the collision-free reso-
nance effect versus rotor-speed curve was fitted to the
experimental data and is shown in Fig. 6 as the heavily
drawn curve. Beyond approximately 1600 rps, the meas-
ured points deviate from this curve, thus showing evi-
dence for filling-in through slowing down. For the fit
indicated in Fig. 6, a value FT'*/T=1.8X10"* eV was
used, the uncertainty in this value being +409,. Using
the collision-free distance of 4.4X10~® cm measured for
Sm'%?, and a recoil velocity of 2.9X10°% cm/sec, the
collision-free time 7, for the Sm!*® case becomes 1.5
X107 sec. Since this is considerably shorter than the

RESONANCE COUNTS PER MINUTE —
o
-
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TF16. 6. Sm!8: Resonance scattering from the 1.46-MeV level
for different rotor speeds. The heavily drawn curve represents
the best fit, using the shape of the collision-free curve (Fig. 1),
to the experimental points below 2000 rps.

STATES IN Smt4s

AND Sm?1ts?2 B 1419
lifetime of the level—the small scattering effect and the
strong filling-in attest to that—F may be approximated
by the ratio 7./7,. With this, the result of the scattering
experiment may be written as

FT@/T'= (7o/70)(Te¥/T)=1.L%/h
= (1.80.7)X 104 eV,

giving for the partial width Ty of the ground-state
transition the value

To=(2.840.6) X 1073 eV.

The error quoted above does not include the uncer-
tainty in the collision-free time 7. Since I'q is inversely
proportional to the square root of 7., the error in T’
will be changed only from 0.6X10~ to 0.8X 1073 eV,
if one assigns an uncertainty of £30% to ..

Using the larger error for T'y and the ratio I'y/T
=0.61,"% one obtains for the total width of the 1.46-
MeV level in Sm™® the value

= (4.61.3)X10- €V,

corresponding to a mean lifetime

Tlevel = (1-4——0.3+0'6) X108 gec.

D. Angular Distribution of the Sm!4?
Resonance Radiation

In an effort to ascertain that the observed resonance
scattering from Sm'® originated from the 1.46-MeV
spin-1 level, the data taken at a scattering angle of
105° were supplemented by data taken at 130°. The
results are summarized in Table I.

TaBLE I. Comparison of the observed ratio W (130°)/W (105°)
of the resonance counting rates at scattering angles 130° and 105°
with the ratios calculated for different spin assignments to the
level in Sm™® which is responsible for the resonance scattering.

Assumed spin

of excited Theoretical ratio Experimental ratio
state W (130°)/W (105°) W (130°) /W (105°)
1 1.32 1.5240.37
2 0.54

The experimental ratio is only compatible with a
spin value of 1 for the level predominantly excited in
the resonance fluorescence experiment.

IV. RESULTS AND DISCUSSION

In Table II the transition probabilities of the four
gamma-ray transitions, originating from the two levels
studied in this paper, are listed and are compared with
the single-particle estimates.®

15C. V. K. Baba, G. T. Ewan, and J. F. Suarez, Nucl. Phys.
43, 264 (1963).

16 J. M. Blatt and V. I'. Weisskopf, Teoretical Nuclear Physics
(John Wiley & Sons, Inc., New York, 1952), Chap. 12.
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TasLE II. Summary of the transition probabilities determined
in this work, and comparison with the predictions of the single-
particle model (Ref. 16).

Transition B(E1)a

Ey Transi- probability B(E1)da —

Nucleus (MeV) tion (sec™) (10~%¢2 cm?) B(El)sp
Sm14s 1.46 1- —0* (4.3 +1.2) X102 0.9 5X10™4
0.91 1- -2+ (2.7 40.8) X101 2.3 12 X104

Sm1s2 0.96 1~ -0+ (11£1) X102 7.9 4 X103
0.84 1~ —2* (14 42) X102 15.4 8 X103

The upper limit established recently'” for the B(E1)
of the 1.46-MeV level in Sm® by a Coulomb excitation
experiment with 43.5-MeV oxygen ions, B(E1)s<3
X10™%¢% cm?, is consistent with our value for the re-
duced transition probability. As far as the lifetime of the
0.96-MeV state of Sm'* is concerned, our value falls
into the range established by previous experiments.?:%:18

It is evident from Table II that the B(E1) values
change rather abruptly as one proceeds from the
spherical nucleus Sm!® to the deformed Sm!?? nucleus.
Further measurements of transition probabilities of
1~ states in the region of the deformed rare-earth
nuclei as well as below neutron number 90 will be

17Y, Yoshizawa, B. Elbek, B. Herskind, R. J. Keddy, and M.
C. Oleson, Bull. Am. Phys. Soc. 9, 497 (1964).
18 1., Grodzins, Phys. Rev. 109, 1014 (1958).
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necessary in order to establish whether this change
in the B(E1)’s is accidental or whether it indicates a
definite trend.

It might be worth pointing out that the ratio of the
B(E1)’s for the corresponding transitions in Sm*® and
Sm'? is approximately the same as the ratio of the
B(E2)’s for the first 2* states. In addition, the excita-
tion energies of the 1~ and the 2% states change by
approximately the same amounts as the neutron num-
ber changes,” while the excitation energies of the 3~
states remain practically constant. Since the energies
of the 2F states are much lower to start with, the
fractional changes upon crossing neutron number 90
are much larger for the 2 states than for the 1~ states.!
The relationships mentioned above may be of interest
in view of the suggestion that some of the 1~ levels in
even-even nuclei arise from the coupling of a quadru-
pole and an octupole collective excitation.?
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The probabilities of occurrence of alpha clusters are calculated for the case of four nucleons in a harmonic-
oscillator potential, based on the simplifying approximation that the oscillator constants for alpha clusters
and nucleons are equal. Some general observations as to how alpha-decay hindrance is affected by the over-
lap of wave function of a cluster and that of the constituent nucleons are made. The decay of Po*! is dis-

cussed in part.

I. INTRODUCTION

N the shell model the hindrance of alpha decay can
be attributed to a number of factors. In this paper
we shall study one of these, namely, the overlap of
wave function of an alpha cluster and that of the con-
stituent nucleons. Other factors include centrifugal
barrier, configuration mixing, coefficient of fractional
parentage, etc.

Consider the motion of two protons and two neu-
trons in a harmonic-oscillator potential. Their wave
function can be written as a linear combination of wave
functions, corresponding to various groupings of the
nucleons, such as an alpha cluster; it has the form

\I’=Zi di‘I’i, (1)

where ¥; are wave functions for the various groupings,
and |a;|? is the probability of occurrence of grouping <.
We shall calculate the coefficients a; for the alpha
groupings.

II. CALCULATIONS

The Hamiltonian for four nucleons in a harmonic-
oscillator potential is

1 4
H=—73 pitime® 2 1, 2
2m i=1 =1

where r; and p; are the coordinates and momenta of the
nucleons and m the nucleon mass.

The quantum numbers for orbital angular momentum
and total angular momentum of nucleon i shall be



