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The resonant scattering of electron bremsstrahlung by an enriched sample of '**Ba has been studied for
photon energies of up to 5 MeV. It provided estimates of the radiative widths for 10 levels. Based on the
relative yields at scattering angles of 96° and 126°, unambiguous spin assignments were made to 5 of these
levels. Where feasible, the yield measurements were supplemented by self-absorption data and by linear
polarization studies. For the strongest excitation in '3Ba, at 3.436 MeV, the resonance fluorescence
experiments led to a 17 assignment and a value T, = 88422 meV for the partial width of the ground state
transition. The corresponding E1 strength is approximately 1/3 of the E1 strengths observed for the
strongest low-lying E1 transitions in the even-even N = 82 nuclei. When combined with previous
observations for N > 82, the result obtained for '*Ba (N = 80) indicates that the strengths of the ground
state transitions from the lowest 1~ states peak at N = 82. Yield information on a few levels in *’Ba and

13%Ba was also obtained.

NUCLEAR REACTIONS !3:131:138B5(y y) bremsstrahlung 1.68 MeV <E, <5.0
MeV; measured o (96°) and ¢ (126°), self-absorption, LP; deduced g Foz/l", J,m.|
Enriched !*¥Ba target, natural target.

I. INTRODUCTION

Previous studies'™* of low-lying (E.,. < 5 MeV)
E1 transitions in even-even rare earth and neigh-
boring nuclei indicated a concentration of E1
strength in the ground state transitions from 1~
levels with excitation energies E(17)= E(2}) +E (3]).
The dependence of the strengths of these E1 trans-
itions on the neutron number N is shown in Fig. 1.
As one proceeds from the deformed region (N
> 88) towards lower N values, the B(E1) values
decrease, reaching a minimum for N =86. How-
ever, as N approaches the magic number N =82,
the B(E1) values increase again and reach approx-
imately the values observed in the deformed re-
gion. For a future interpretation of this behavior
it was of interest to know whether the B(E1) val-
ues reached at N =82 were maintained for smaller
N values of whether the B(E1) values peaked at
AV =82.

Of the elements Ce, Nd, Sm, and Ba which were
known'~™* to exhibit large B(E1) values at N =82,
only Ba had fairly abundant even-A isotopes with
N < 82. Of these, '**Ba was the most abundant.
Moreover, a sizable enriched sample (92.8 g of
Ba(NO,),, enriched to 65.08% in !**Ba) was avail-
able.® The fact that no 1~ states at excitation en-
ergies below 5 MeV had been reported for *Ba
did not represent a serious obstacle: For E1 ex-
citations of the strength observed in the N =82
isotopes, identification as 17 via angular distribu-
tion and linear polarization measurements was
quite feasible. On the other hand, the absence,

in 1%Ba, of excitations sufficiently strong to allow
J™ identification would by itself indicate that the
B(E1) values were indeed declining for N < 82.

Based on these considerations, a study of the
reaction '*Baf(y, y) for photons below 5 MeV was
initiated, and this paper is a report on the pro-
cedures used and on the results obtained in this
investigation.

II. EXPERIMENTAL PROCEDURES

Bremsstrahlung from a 37-mg/cm? gold foil,
bombarded with electrons from the Bartol van de
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FIG. 1. Trend of the reduced E1 transition probabil-
ities for 1" levels at Eq.~ E(@2])+E(37) for the stable
even Sm isotopes (Ref. 2) (@), the Nd isotopes 42Nd

(Ref. 4) and "¥Nd (Ref. 5) (a), for '®Ba (Ref. 3) (m), and
for "0Ce (Ref. 1) ().
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TABLE I. Abundances (%) of the various Ba isotopes in the
enriched (3¢ Ba) sample (Ref. 7) and in natural Ba (Ref. 8).

Barium isotope

130 132 134 135 136 137 138
Enriched Ba ... e 02 2.8 651 119 200
Natural Ba 0.1 0.1 24 6.5 7.8 11.2 719

Graaff accelerator, served as the exciting v
radiation. The scattering geometry, involving a
55-cm® Ge(Li) detector at'a scattering angle of
96° and a 45-cm?® Ge(Li) detector at 126°, was
identical with the geometry previously used for
a nuclear resonance fluorescence (NRF) study of
the Sm isotopes and is depicted in Fig. 1 of Ref.
2. To approximately equalize the counting rates
in the two detectors, the Pb shielding in front of
the 55-cm? detector was made thicker, by 0.635
cm, than the Pb shielding in front of the 45-cm?
detector. The thickness of the Pb between the
55-cm? detector and the scatterer was typically
3.81 cm,

The enriched scattering material, 92.8 g of
Ba(NOa)2 powder, was contained in a Plexiglas
cylinder of 5.72-cm diam and 1.95-cm length. The
isotopic composition of the enriched material is
listed in Table I. Since the enrichment in '**Ba
was not very high, the assignment of observed y
rays to a given Ba isotope was not always unam-
biguous. Consequently, auxiliary measurements
were carried out with Ba of natural composition
(see Table I), using a Ba metal disk 1.5 em thick
and 5.0 cm in diameter.

Electron-beam energies ranging from 1.68 to 5
MeV were used for the yield experiments, but
were mostly limited to E, < 4.15 MeV once the
absence of strong excitations in '*®Ba between 4
and 5 MeV had been established.

With even-even nuclei, only levels having spin
1 or spin 2 can give rise to observable resonant
scattéring in NRF experiments utilizing brems-
strahlung. Since the scattered radiation was
viewed simultaneously by two detectors—at
scattering angles of 96° and 126 ° —and since the
angular distributions for spin-1 and spin-2 levels
differ drastically, the yield measurements pro-
vided spin determinations to the extent to which
the statistical accuracy was sufficient (Table II).

The NRF yield for ground-state transitions in
even-even nuclei is proportional to (2J., +1)
T'2/T, where T, is the radiative width for the
ground-state transition, I is the total width of the
level, and J,,. is the spin of the excited state., If
this spin is known, the yield measurements pro-
vide I';2/T'. The final step in obtaining the width
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TABLE II. Spins and widths of '3 Ba levels derived from the
yields of the reaction '*¢Ba (v, ) at scattering angles of 96°
and 126°.

Elevel N(126°) Spin Fg /F

MeV) N©O6°) NRF  Ref. 17 MeV)
1.551 0.6 0.5 1,2 ) 0.7 + 0.3)/g*
2.081 + (1,2) (-02 £ 0.7/
2.129(2) 0.44+0.19 2 (1,2) 07 % 02
2.485 1,2) (1.3 % 32/
3.044(2) . 1.27+0.14 1 1,2 17 % 2
3.114(2) 0.50£0.13 2 4.1t 0.6
3370(2) - 1.18%0.14 1 30 £5
3436(2) 1.28%0.12 1 71 %10
3.981(2) 1.08%0.25 ) 21 6
4.137(3) 1.00+043 . 1,2 (100  +40)/g°

: g= (yexc + 1)/(2‘Ig.s. + 1.

T, then requires knowledge of I'y/T', the branching
ratio for the ground-state transition. For some of
the%*Balevels, suchknowledge was available from
neutron-capture—y-ray studies?’!° and from the
disintegration schemes!!'2 of *8Cs and *La. As
expected, the NRF spectra provided limited
branching information since the rapid increase in
the background counting rate with decreasing y-ray
energy made the observation of cascade y rays
most difficult. Only direct branching to the 2}
state (819 keV) was observable since in this case
the background counting rate in the region of the
corresponding cascade y ray$ was not too severe.
Under favorable circumstances, a self-absorp-
tion experiment can be used to determine I'; even
if the ratio I'; /T is not known. In such an experi-
ment, a resonant absorber is placed into the in-
cident beam and the resulting reduction in the
NRF yield is determined. Provided A>T the
self-absorption is a measure of I'j/A, where A
=E,(2kT/Mc*) % is the Doppler width of the ab-
sorption line. For the self-absorption experi-
ments with 13®Ba, the enriched material was ap-
proximately evenly divided between the absorber
and the scatterer. The absorber contained 10.9
g/em? of enriched Ba(NOQ,), in the path of the in-
cident beam. The scatterer, 5.72 cm in diam-
eter, contained 45.3 g of Ba(NOQ,),. To separate

resonant from nonresonant effects, a series of

runs was carried out in which the Ba(NO,), ab-
sorber was replaced by a comparison absorber
containing Ce,O,. This absorber had been closely
matched to the enriched absorber with respect to
nonresonant y absorption with the help of y lines
from radioisotopes. Bombarding energies E,
ranging from 3.3 to 3.8 MeV were used for the
self-absorption experiments.

To obtain information concerning the parity of
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some of the !3®Ba levels, in particular of the
3.436-MeV level, another NRF experiment of
limited applicability due to low counting rates,
the determination of the linear polarization of the
resonance radiation, was carried out. For this
measurement, the 96° detector was replaced by a
two-slab Ge(Li) polarimeter.!®* The two rectangu-
lar slabs measured 5.8 X 3.8 X 0.8 em?® and were
separated by 2 cm. Use was made of the excellent
energy resolution of Ge(Li) and of the sensitivity
of slabs to linear polarization.'*

For further details of the general procedures
such as, e.g., the calibration of the y flux, the
reader is referred to previous publications.?’ !°

III. RESULTS AND DISCUSSION
A. Spectra, yields

In Fig. 2, the pulse-height distributions for the
region comprising the strongest excitation observ-
ed below 5 MeV with the enriched scatterer are
shown for the scatterer enriched in !3¢Ba (top) and
for the natural Ba scatterer (bottom). The sums
of the 96° and 126° data are plotted. Since, with
the exception of !%Ba, the natural scatterer con-
tained more nuclei of the various Ba isotopes than
did the enriched scatterer, the 3.436-MeV vy line
must be attributed to '*®Ba.
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FIG. 2. Sum of the 96° and 126° ¥ -ray spectra ob-
served between 3.3 and 3.5 MeV with Ba enriched in
1%Ba (top) and with natural Ba (bottom) at a bombarding
energy of 3.5 MeV,

The intensity ratio for the 3.339-MeV peaks in
the two spectra of Fig. 2 is consistent with the
assignment® of the 3.339-MeV line to **Ba. For
the 3.37-MeV line, the peak height in the %Ba
spectrum is not reduced as much as it should be
if the line originated solely from !%®Ba. Instead
of a single level in '**Ba,? the existence of a dou-
blet has to be assumed, with the lower energy
component (3.367 MeV) attributed to 1**Ba, and
the 3.370-MeV line assigned to '*®*Ba,

The weak 3.450-MeV line is attributed to the
56Fe in the structural material of the laboratory
although assignment to 1*"Ba cannot be completely
ruled out. For a '*"Ba level, the peak height in
the natural Ba spectrum is expected to be approxi-
mately twice the peak height in the !%°Ba spectrum.
A strong 3.449-MeV excitation had been observed!®
in the reaction 5%Fe(y, v).

In Fig. 3, the y-ray spectra in the vicinity of
3.1 MeV are shown for the two scatterers. Again,
the sums of the 96° and 126° data are plotted. In
addition to the 3.044- and 3.114-MeV lines belong-
ing to '*Ba, the 3.088-MeV line from !3C is ob-
served. The 3.072-MeV line is attributed to 3"Ba.

The two spectra displayed in Fig. 4 are only com-
patible with the assignment of the 3.981- and 4.137-
MeV 7 rays to '**Ba. They, furthermore, empha-

size the strength of the 4.027-MeV excitation in the
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FIG. 3. Sum of the 96° and 126° y-ray spectra ob-
served between 3 and 3.2 MeV with Ba enriched in 1¥Ba
(top) and with natural Ba (bottom) at a bombarding en-
ergy at 3.3 MeV.
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FIG. 4. Sum of the 96° and 126° y-ray spectra ob-
served between 3.9 and 4.2 MeV with Ba enriched in
136pg (top) and with natural Ba (bottom) at E, =4.15 MeV.

Note that the two pulse height distributions correspond
to exposures differing by a factor of 2.6.

N =82 nucleus **Ba,

In Table II are listed all the '**Ba levels below
4.2 MeV for which resonant scattering has been
observed with bremsstrahlung of endpoint energy
<5 MeV. In addition, those spin-1 and spin-2
levels reported in Ref. 17, which were not observ-
ed or only marginally observed in the present
NRF experiments, have been listed. Above 4.2-
MeV excitation energy, several weak lines, which
might have originated from '**Ba, were observed ,
but the statistics was such that neither their ex-
istence nor the assignment to !**Ba were beyond
reasonable doubt.

For the levels clearly excited by photons, the
energies deduced from the NRF data are listed in
column 1 of Table II, with the uncertainty in units
of the last digit shown in parentheses. For the
other levels, the energies were taken from Ref.
17.

In column 2 of Table II are listed the ratios of
the 126° and 96° counting rates. Under the condi-

tions of the experiments, the ratio N(126°)/N(96°)

was expected to take on the value 1.20 for spin-=1
levels, and the value 0.44 for spin-2 levels. The
spins deduced from the observed ratios are given
in column 3. Parentheses indicate that the par-
ticular spin value could not be unambiguously

(= 99.9% confidence level) established by the NRF
data, but was favored by better than 6:1. As has
been mentioned before, the mere observation of
resonant scattering from a given level in an even-
even nucleus narrows down the choice of spins to
the values 1 and 2.

In the last column of Table II are listed the I'2/T
values extracted from the absolute yields. For
the spin-1 levels in !3Ba, these I' ?/T" values are
much smaller than the largest I') values mea -
sured'™* at N =82. However, the difference could
be made up if the *®Ba levels exhibited consider-
able cascading, 1i.e., if the I'j/T" ratios were <1,
The question whether the B(E1) values peak at
N =82 or simply reach a plateau which continues
below N =82 thus depends importantly on the
branching characteristics of the 17 levels in '3Ba,

B. Branching, self-absorption

For the five possible 17 levels which were seen
in the present NRF study of !*Ba, the only branch-
ing information provided by other investigations
was evidence® for a cascade transition from the
3.044-MeV level to the 0.819-MeV 2; state. How-
ever, a quantitative estimate of the strength of
this branch could not be made because the cas-
cade transition coincided in energy with the hydro-
gen capture y ray.?

The 3.044 ~0.819 cascade y ray was indeed seen
in the NRF spectra and was found to amount to
(32 £ 16)% of the ground state transition. This led
to a ground-state branching ratio I';/T" =0.76
+ 0.10 for the 3.044-MeV level if one assumed that
no other cascades originated from it .

For the 3.436-MeV: level, the NRF data yielded
a ratio I', /Ty =(~ 2 £ 8)% where I, is the partial
width for the decay to-the 2} level. Assuming the
absence of branching to higher excited states, this
led to I',/T=1.0+ 0.1,

Some of the NRF spectra involving the 3,370-
MeV transition indicated branching to the 2 level.
If branching to higher excited states is excluded,
the available information is consistent with I'j/T
=0.9+0.1, ’

While the spectra provide branching information
piecemeal, the self-absorption results may be

TABLE III. Self-absorption by 10.9 g/cm? of enriched Ba
(NO3),.

N (res. absorber)

Eiva N (comparison abs.) I'y (meV)

3.044 0.97 £0.11 7+30

3.370 0.96 £0.12 13 45
88 +20

3.436 0.78 £0.05
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TABLEIV. 13%Ba: Results of the experiments using the
Ge (Li) polarimeter.

- 100 X N, :Nl Multipole
Ey (MeV) N,+N, character Jexe
3.044 +8.5 + 14.3 El,M1 I
3.436 +6.6 £+ 3.2 El 1"

looked upon as providing “global” branching in-
formation when combined with the I'2/T values
deduced from the yields. In Table III, the results
of the self-absorption experiments with !3¢Ba are
summarized. Comparison of these results with
the T'2/T values in Table II does not indicate the
need to assume branching beyond that deduced from
the spectra.

C. Linear polarization, parities

The results of the linear polarization experi-
ments are summarized in Table IV. If N stands
for the full-energy-peak counting rate with the
Ge(Li) slabs in the scattering plane, and if N,
denotes the counting rate observed with the slabs
perpendicular to that plane, the sign of the ex-
pression (N, —N,)/(N, +N,) indicates whether the
transition from a spin-1 state is E1 (+sign) or
M1 (-sign). From our experience, the ratio is
+4.3% for a 3.4-MeV E1 transition, and -5.4%
for a 3.4-MeV M1 transition. The sensitivity in-
creases with decreasing y energy.

D. Remarks on individua] !36Ba levels
1. Levelat 1.551 MeV

For this level, which probably is the two-pho-
non 2* state, the mean ground-state branching
ratio is® 12 ' /T'=0.49 +0.04. With this and the
T 2/T value from Table IT, the partial width is
I';=0.29+0.13 meV. This corresponds to approxi-
mately 1 E2 single particle unit (spu).

2. Levelat 2.081 MeV

The mean ground-state branching ratio® !2 is
T',/T =0.40+0.03. Assuming a 2* assignment,'?
- the NRF experiment leads to a partial width I';
=(-0.1+0.4) meV. The E2 spu corresponds to a
width of 1.34 meV.

3. Levelat 2.129 MeV

The NRF data rule out the 1* assignment tenta-
tively proposed in Ref. 12,

With the mean ground-state branching ratio®* 2
of I'y/T" =0,32 £0.02, the partial width I'j becomes

T';=2.2+£0.7meV. This corresponds to more than
100 M2 spu. A 27 assignment to the 2.129-MeV
level is thus ruled out, and 2* is left as the only
assignment consistent with the NRF data. The ob-
served width corresponds to =~ 1.5 E2 spu. The
partial width for the 1.31-MeV cascade transition
to the 0.819-MeV 2} level, I', =4.66 £1.5 meV,
corresponds to = 35 E2 spu and suggests some
M1 admixture in the cascade transition.

4. Level at 2.485 MeV

The NRF experiments did not provide any evi-
dence that this level was being excited. However,

-it should be pointed out that the small ground-

state branching ratio'? I' /T'=0.19 + 0.04 renders
the NRF measurement rather insensitive.

5. Level at 3.044 MeV

The linear polarization experiments slightly fav-
or negative parity for this level. The excitation
energy amounts to = 91% of the sum (3.351 MeV)’

- of the 27 (0.819 MeV) and 3; (2.532 MeV) excitation

energies. This is close to the values observed
for the 17 states in the N =82, 84, 86 nuclei. The
3.044-MeV level thus could be the low-lying
[2;®37] 1~ level that should be compared with the
17 levels in the N =82 nuclei.

The self-absorption result did not suggest the
existence of additonal branching beyond that ob-
served in the NRF spectra. With I'j/T"'=0.76
+0.10, the partial width I') becomes I' ;=22 + 4
meV. This corresponds to =4X 107 E1 spu and
amounts to approximately § of the E1 strengths
observed at N =82,

6. Levelat 3.114 MeV

The only assignment compatible with all the
NRF data is 2*. If T'j/T is unity—no evidence
for branching to excited states was obtained—the
width for E2 transition to the ground state is T';
=4.1+ 0.6 meV, corresponding to 0.4 E2 spu.

7. Level at 3.370.MeV

This spin-1 level is another candidate for being
the [2;® 3] 17 state. The excitation energy is ‘al-
most exactly equal to the sum of the excitation
energies of the 2} and 37 levels.

With T’ /T'=0.9+ 0.1 (see Sec. III B), the partial
width Ty becomes I';=33 + 7 meV. This is cer-
tainly consistent with the self-absorption result
(13 £ 45 meV). Should the 3.370-MeV level indeed
be a 17 excitation, the measured width would cor-
respond to 5X 107 E1 spu, i.e., to = L of the
strengths found at N =82,
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8. Level at 3.436 MeV

For this, the strongest excitation in '**Ba below

5 MeV, the NRF experiments have reliably es-
tablished the spin-parity as 17, Following the
trend in '*®Ba and in the rare earths up to at
least N =94, one is inclined to identify the 3.436-
MeV level with the [2; ® 3]] 1~ state although the
excitation energy slightly exceeds the sum of the
excitation energies of the 2; and 3] levels.

With the branching ratio arrived at in Sec.
III B, the yield data lead to a width I'j =71 + 13
meV, in fairly good agreement with the self-ab-
sorption result I') =88 + 20 meV. Since the sen-
sitivity of the NRF spectra to branching is poor,
the self-absorption value is considered more
reliable and will be adopted for the time being.
The width of 88 meV corresponds to 1.2X 1073
E1 spu and amounts to = 3 of the strengths ob-
served at N =82 (see Fig. 1).

Aside from the 3.044-, 3.370-, and 3.436-MeV
levels, the NRF experiments did not excite any
other level that could qualify as the two-phonon
[2;X 3'1] 17 state. Thus, irrespective of which
of the three levels is the proper 17 state, the
strength of that state in !3°Ba is much below the
E1 strengths observed at N =82, but is compar-
able with the strength at N =84. The measure-
ments with !3%Ba thus strongly indicate that the
B(E1) values reached at N =82 represent a peak
which interrupts the fairly rapid falloff which ac-
companies the transition from the deformed re-
gion (N>88) to the “spherical” region (N< 88).

E. Remarks on levels in other Ba isotopes
1. Levelin 137 Baat 3.072 MeV

The relative yields of 3.072-MeV vy rays ob-
served (see Fig. 3) with the natural Ba scatterer
and with the enriched scatterer are consistent
with the assignment of this y ray to *"Ba. No
other Ba isotope would give rise to a comparable
yield ratio.

The 3.072-MeV y ray was not observed in any

other (y,7) study carried out at this laboratory and

thus is not likely to be attributable to resonant
scattering from building, shielding, or container
materials as is, e.g., the 3.088-MeV line (** C).

With *"Ba as the assumed source of the 3.072-
MeV radiation, a width gl" 2/T of 40 + 10 meV is
obtained.

TABLE V. Widths of '3 Ba levels derived from the yields of
the reaction 38 Ba (v, ) at scattering angles of 96° and 126°.

I'Z/T (meV)

Eleve] (MeV) Ref. 3 Present work
2.640 29+ 1.1 1.1+ 0.3
3.339 123+ 14 9.4+ 1.5
3.367 109+ 1.2° 65+ 1.2°
4.027 206 %10 270 *30

2 After subtraction of a 25% contribution from the 3.370-MeV
level in !3¢Ba.

statistical accuracy to represent a meaningful
supplement to the existing NRF data® on !**Ba.

In Table V, the widths based on the present
studies are compared with the results reported
in Ref. 3.

For the weakly excited 2.640-MeV 2+ level, the
result of the present study brings the E2 strength
for the ground state transition closer to the iso-
scalar value!® and closer to the theoretical esti-
mate by Waroquier and Heyde'® than was indicated
by the nominal value reported in Ref. 3.

For the 4.027-MeV level, the self-absorption
result I')=0.36 eV (Ref. 3) was used to correct the
yields, observed in the present study, for the
resonant attenuation of the incident beam within
the scatterer. In comparing the widths listed in
Table V for the 4.027-MeV transition, it should
be noted that the error quoted in Ref. 3 must be
a partial error only since the uncertainty in the
flux standard alone was ™% (p. 1970 of Ref. 3).
Moreover, the uncertainty in the standard did not
include any allowance for the possibility that the
branching ratio of the standard level might be
smaller than unity.

The T')?/T value determined in the present study
requires considerably less (if any) branching from
the 4.027-MeV level to 3®Ba levels above the 2}
level (1.436 MeV) than does the I';?/T" value report-
ed in Ref. 3. Considering the paucity of excited
states in '*®Ba suitable for population from a 1~
level and the strength of the ground-state transi-
tion with which cascade y rays would have to com-
pete, the branching ratio I';/T" =0.58 reported in
Ref. 3 was surprisingly low.
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