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The El and Ml radiative strength functions have been measured for nuclei with
atomic mass number near A - 140 and at an excitation energy of approximately 9 MeV
using the threshold photoneutron technique. A method was developed for extracting the
dipole strength even though the first excited state of the daughter nucleus is near the
ground 3tate. Thv photoneutron spectra were measured at laboratory angles of 90 and
135° and with high resolution (0.5 ns/m) using the time-of-flight spectrometer associated
with the Argonne high-current linac. 'n particular the dipole strengths found in ' " E a
and '^"ce are discussed. These results are compared with theoretical estimates and
with the radiative strengths of nuclei in the mass range 50 < A <- 25C.
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Interest in thr nuclear mass region near
A = 140 has gained impetus from the recent dis-
covery of giant magnetic dipole resonances in Ce,
La ; and Pr at an excitation energy of B.7 MeV.
Since the neutron binding energy ranges between 7
<ind 10 MeV for most nuclei near A = 140, it is
expected that the nature of the y ray emission from
neutron-capture reactions will therefore be predom-
inately Ml. Hence, calculations of the flux of v
rays produced from radiative capture based only on
the low-energy "tail" of the El giant resonance may
grossly unde-eatimate the true flux in this mass
region.

In addition, there is considerable theoretical
interest in the N = 82 nuclei due to the fact that the
lhjj^2 neutron orbital is filled and the lhg/2 * s

vacant. Thi9 configuration is analogous to that of the
proton orbitals in *-0"Pb, where several calcula-
tions^ of the Ml strength have been performed. In
addition, the lgg/2 proton orbital is filled in ' ^ B a
while the lg7/2 orbital is vacant.

For these reasons, we have measured the
spectrum of photoneutrons from the '^^Ba(Yjn)'^^Ba
and ^^Ce(y,n)^^Ce reactions at laboratory angles
of 90° and 135° and throughout the energy range
10—60 keV. The neutron energies were deternined
with high resolution (0.5 ns/m) using the time-of -
flight spectrometer associated with the Argonne
high-current electron linear accelerator. A new
methc d wan developed in order to deduce the
ground-state radiation widths even though the first
excited state of the daughter nucleus is near the
ground state. The E! and Ml photon reduced
widths are computed from the present observations
and compared v/ith other measurements in the mass
range A = 55—240.

Experimental Procedure

The Argonne high-current linac provided an
intense source of gamma rays for the present
photoneutron measurements. The bremsstrahlung
is produced by focusing an intense, pulsed electron
bean- (20 A peak current ar.d 4 ns in duration) onto

a silver converter. The photons emerging from the
converter irradiate a sample of Ba or ' ^ " c c . The
remaining electrons are stopped in an aluminum
block and provide a start pulse for the neutron time-
of-flight spectrometer. The photoneutrons emitted
from the l38Ba(y,n) or 14CCe(v,n) reactions travel
through two separate, well-collimated flight paths
which are at angles of 90° and 135° with respect to
the electron-beam axis. The neutrons are detected
in banks of "Li-glass scintillators located at the end
of each flight path. The neutron energies are
measured with good resolution (0.5 na/m) using the
time-of-flight spectrometer described in Ref. 4.

The observed time-of-flight spectra for Ba
are shown ir. Fig. 1. The spectra at angles of 90°
and 135° were measured simultaneously and through-
out the energy range 9 — 80 keV. However, above 60
keV the resolution of the spectrometer (—0.6 keV) is
comparable to the average spacing of the photo-
neutron resonances in ' " B a . Hence, only states in
the energy interval 9—60 keV were considered in the
present analysis. A separate measurement of the
spectrum from the zo8Pb(v,n)ZO7Pb reaction was
performed and the radiation widths observed in 138jja

were determined by a direct comparison of the yields
for these levels to that for the 254-keV state in
208 P b .

In order to extract the ground-state radiation
widths from the threshold photoneutron spectra, it is
essential to define precisely ths energy of the elec-
tron beam. In thu traditional threshold phclom-iiiron
method the electron energy is adjusted BO th.it the
photoneutron c,*n -'ecay only to the ground Kt.ili' of
the daughter nucleus. However, the first excited
states in 137Ba and l j l ?Ce are near (281 keV in 137Ba
and 250 keV in l^^Ce) the ground states. In the
present work, no attempt was made to explicitly
separate the neutron decay to the ground and first
excited states. Instead, the machine endpoint energy
was increased in order to include the neutron decay
to the fir^t excited state and an analytical technique
was used to deduce the ground-state radiative
strengths. A detailed discussion of this technique is
given in Ref. 5. A schematic diagram of the photo-
excitation process is shown in Fig. 2 for '-"*Ba.
The photoexcitation of ' 4 u Ce is entirely analogous to
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Fig. 1 The observed time-of flight spectra at 90°
and 135° for the 158Ba(v, n) Ba reaction.

the process shown in Fie- 2. In this figure, F ,
Tn^, and ±nj represent the neutron decay width to the
ground state, the width to the ground state from a
level higher in excitation energy than the first excited
state of the daughter nucleus, and the decay width to
the first excited state, respectively. The decay tran-
sitions corresponding to rn' are not observed in this
measurement, since the neutron energy would be
approximately equal to tht energy between the ground
state and first excited state, and consequently,
greater than 281 keV. However, those (Y»<«) reson-
ances which neutron decay to the first excited Rtate
(corresponding to Fnj) appear in the same energy
interval as those (rno) which decay to the ground
state. The; strengths of the transitions to the first
excited state are diminished compared with the decay
strength to the ground state, since Fn' » F ' j . The
ratio r of thr average photoneutron yield from the
first excited state (Y() to that from the ground state
(Yn) is found5 to be

YO n O

<r + r )
no y

(r1 + r ' + r 1 ) '
no nl \

(1)

where I\, is the total radiative width of the resonance

r iB the ground-state radiation width, and the
primed widths refer to excitations of higher energy
levels. An estimate of the average value of r was
obtained using a Monte Carlo analysis in which sets of
the reduced widths of 1000 levels in Eq. (1) were
chosen from a Porter-Thomas distribution. In the
present case r was estimated to be approximately
25%. Hence, less than 20% of the total observed
strength is due to nonground-state transitions.

The spins and parities of the photoneutron
resonances were deduced by measuring the angular
distribution of the emitted neutrons. For example,
an Ml resonance is expected to decay by neutron
emission isotropically to the ground and first excited
state of the daughter nucleus. Hence, the angular
distribution ratio R which is defined as the ratio of
the observed yield of a given resonance at 90° to
that at 135° is expected to be unity for Ml photo-
excitation of '^ Ba. For an El excitation the most
probable values of R are 0.8 and 1.2 for neutron
decay to the ground state and first excited state,
respectively. Therefore, a measurement of R pro-
vides a good method for sorting El and Ml states in
138Ba. The power of this method is demonstrated in
Fig. 3 for the l 3 8Ba(v,n)1 3 7Ba reaction. In Fig. 3
the number of observed resonances is plotted as a
function of R in three energy intervals. The number
of Ml states is predominant in the energy interval
9—60 keV. This relatively large number of Ml
states indicates that the total Ml radiative strength
may also be anomalously large. In addition, the Ml
resonances dominate the lower energy interval (9—40
keV) This is due to the fact that the s-wave neutron
penetration factor corresponding to Ml excitation is
quite large (0. 3) compared to the p-wave factor
corresponding to El excitation (0. 02). In the 40—60
keV region the p-wave penetration factor has
increased to 0.07 while the s-wave factor has

p-wave s and d -wave

Fig. 2 Photo-excitation process of '38 Ba. The
neutrons can decay to the ground and first
excited states.
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Fig. 3 The number of resonances observed as a
function of the angular distribution ratio
for 138Ba.

remained at approximately the same value. Hence,
the numbers of observed El and Ml states are com-
parable.

Results and Discussion

Ml ya y
AE), (2)

where E,, is the photon energy in MeV and AE is the
energy interval in MeV. The value of kj^j was found
to be 90 X 10"3 for 138ga_ This value iB more than
four times the average value of kj^jj = 18 X 10
found fcr most heavy nuclei. We conclude from this
measurement that a giant Ml resonance occurs in
'3803 a t an excitation of 8. 6 MeV. The average Ml
reduced width was not deduced for 'd*"ce, because
of the small number of observed Ml states.

In addition, the total ground-state El -
radiation width F (El) was found to be 2, 1 eV for

'*0138Sa in the region 9—60 keV and i. 0 eV for
in the region 14—50 keV. The expression
average El reduced width is given by

where E and
(2)

for the

k = 2 r (E l ) / (E A AE), (3)
E l Yo Y

are defined in the same manner a6
in Eq. (2). The average reduced widths were com-
puted [Eq. (3)] to be 4 t 1 X 10"3 for 1 3 8Ba and
Z* IX 10"3 for l 4 0 Ce. These results are in good
agreement with other measurements" for medium-
heavy and heavy nuclei as shown in Fig. 5. The
solid curve in Fig. 5 represents the Weisskopf
single-particle estimate^ with the constraint that the
El strength satisfies the sum rule:

J o- dE = 0. 06 NZ/A MeV-barns,

ti/iere cra is the photon absorption cross section.

The analysis described in the preceding sec-
tion was performed for the i4OCs{y,n)l^Ce reaction.
The number of resonances observed in ' Ce is
plotted as a function of the angular distribution ratio
R in Fig. 4. The number of El resonances dominates
the energy region 10 to 50 keV, while only three
states could possibly be identified as Ml in this
energy range. This result is in apparent disagree-
ment with the measurements of Pitthan and Walcher
who found a giant Ml resonance in **"ce at an exci-
tation of 8.7 MeV. However, there may be no con-
tradiction for two reasons. F i rs t , the present
measurement was performed at an excitation of 9. 05
MeV and, therefore, may be too high in energy to
detect the resonance. On the other hand, the state
which Pitthan and Walcher observed haB a width of
approximately 1 MeV and should still ha\ e a large
strength even at 9 MeV. Secondly, the a erage
resonance spacing for states of J r 1 in '^"ce may
be too large compared with the energy interval of
the present measurement (35 keV) to obtain an
accurate estimate of the Ml strength. Additional
studies are currently underway at Argonne in order
to resolve this discrepancy.
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The total ground-state Ml -radiation width
(Ml) for 138Ba was found to be 3. 0 eV in the

energy interval 9—60 keV. The magnetic -dipole
average reduced width k M 1 is computed from the
expression0
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Fig. 4 The observed radiation widths and number of
resonances as a function of the angular
distribution ratio for 1 4 0Ce.



The dashecTcurve in this figure represents the
Brink-Axel estimate,9 with E^ =8.0 MeV. Values
of this estimate were generated from the expression

— -
k = (o. 1 X 10

2 2
) E A (4)

The Axel formulation [ Eq. (4)], which is based on
the giant-dipole model, consistently overestimates
the observed values of the photon reduced width.
The single-particle estimate appears to agree with
energy and mass-number dependence of the data.
However, it is a factor of 3. 5 larger8 than the data.
At present there is no reliable model which will pre-
dict El strength functions near the photoneutron
threshold.

Conclusions

The El strengths from the Ba(-y,n) Ba
and | l l 0C(!(v,n) l 3 'Ce reactions were measured
throughout the neutron energy intervals 9—bO keV
and 14 — 50 keV, respectively, using the threshold
photoneutron technique. The observed El average
reduced widths agree with other measurements of
heavy nuclei, but disagree with theoretical
estimates. In addition, the Ml strength function was
measured for the 138Ba(Y, n)137Ba reaction. The
observed Ml reduced width was found to be more
than four times the average value (kMj = 18 X 10"3}
for most nuclei. We conclude that an Ml giant
resonance appears in °Ba at an excitation of
approximately 8.6 MeV, Neutron-induced gamma-
ray production in the 8 to 9-MeV energy range
should be enhanced by the presence of giant Ml
refton.tncoH in thiH mrtaa region.

100-

• SINGLE-PARTICLE
M00EL\

El j !EDUCED | WIDTHS

• PHOTONEUTRON RESONANCES •
o NEUTRON RESONANCES
• AVERAGE SPECTRA
* PRESENT MEASUREMENTS

• GIANT-DIPOLE

n / t i t t

50 100 150
A

200 250

Fig. 5 The El photon reduced widths. The present
measurements are represented by triangles.
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