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The decay of **'Pa was reinvestigated by means of Ge(Li) singles and coincidence techniques.
Our hest spectrometer showed a resolution (full width at half maximum) of 850 eV for the 300~
keV y rays. 78 y rays were attributed to the decay of **'Pa. A level scheme for **'Ac was pro-
posed and interpreted in terms of rotation bands. Alternating terms in the K =% bands were
discussed in connection with Coriolis coupling to K =} bands.

I. INTRODUCTION

The complexity of the conversion-electron and
y-ray spectra following the « decay of 23!'Pa has
been long recognized.'*? Until now, the most com-
plete investigation of the a spectrum of this nu-
clide is due to Baranov et al.,® who identified 18 «
branches, furnishing a solid basis for a decay
scheme. These authors have also studied internal-
conversion electrons, and they obtained results in
reasonable agreement with data previously report-
ed by Falk-Vairant, Teillac, and Victor!*2? and
Stephens.? The first attempt to analyze the com-
plex y peak observed by scintillation techniques in
the region of 300 keV was due to Foucher.® In the
energy range from 250 to 400 keV, many y rays
were observed which are due to deexcitation of the
rotation band favored in the « decay of 23'Pa.

Later, dePinho® and his co-workers of the Orsay
group,”*® investigating both conversion-electron
and y spectra, identified many other transitions.
In particular, the following transitions were re-
ported: 259.1, 272.7, 282.6, 299.2, 301.7, 312.5,
329.6, 331.0, 342.9, 353.5, 356.4, 378.4, and
422 keV. The measurement of the absolute inter-
nal-conversion coefficient in the K shell was also
reported® for a number of y rays, and especially
the more intense transitions of 283, 299, 302, and
329 keV were established, on the basis of the mea-
sured ag, as E1, M1 (+E2), E1, and M1 (+E2),
respectively. These results combined with life-
time measurements’ have permitted the correct
assignment of the parities of the low-lying levels
of 2"Ac. In fact, as suggested by Stephens, Asaro,
and Perlman® and by Baranov ef al.,® the rotation
band based on the level at 329 keV of excitation
has the same intrinsic Nilsson configuration as
the ground state of 23'Pa, namely, K =3 [530].
Thus the parity of the ground state of 2’Ac was
fixed unambiguously as negative. The parities of
the levels at 27.5, 30.0, and 46.5 keV were fixed
as +, —, and +, respectively.

More recently, Lange, Hagee, and McCarthy*
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observed some new y rays with energies 244, 409,
437, 439, 488, 513, and 517 keV, and Hagee et
al.'* remeasured, with more precise techniques,
the K -shell internal-conversion coefficient of the
329-keV transition. Their results are a,=0.41
+0.05 and e, /e, =3.85+0.38, confirming the re-
sults given in Ref. 6, @x=0.24+0.12 and e,/e,
=3.7+0.5.

Some details of the low-energy y spectrum are
also given in Ref. 6. It is worth noting that a rel-
atively strong y transition of 46 keV was identified.
This energy agreed very well with the energy of
the most intensely populated level in the a decay.
This transition, unobserved in the electron spec-
trum, was then tentatively assigned as E1, and its
presence confirmed the assignment of a positive
parity to that level.

While the present work was in course, Lange
and Hagee!? published a more complete study of
this y spectrum using Ge(Li) and Si(Li) detectors.
Even if some general results are in good agree-
ment, there are very important differences be-
tween our results and those presented in Ref. 12.

In order to obtain additional information about
this interesting decay scheme, the y spectrum was
studied again employing a higher resolution than
hitherto reported. Special attention was paid to
the presence of oscillating terms in the rotation
bands based on the ground and first excited states.

Some partial results of this work were previous-
1y reported.'3

II. EXPERIMENTAL TECHNIQUES

A. Source Preparation

The 2%'Pa source furnished by the Radiochemical
Center, Amersham, England, was in the oxide form.
A procedure due to Kirby and Figgins* was used

to prepare radiochemically pure 23!Pa sources.
The protactinium oxide was dissolved in hot con-
centrated H,80,, and the solution was diluted to

18 M H,SO,. After cooling, an equal volume of so-
lution of 12 M HCI was added with some drops of
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30% H,0,. The aqueous solution was extracted
with 2 ml of diisobutyl carbinol diluted to 50% with
benzene. The ?3'Pa, free of descendants, stays in
the organic phase.

An alternative method!® of radiochemical purifi-
cation of 2%'Pa was employed. We added 5 mg of
Fe*** carrier to the diluted sulfuric acid solution
of protactinium and then precipitated by the addi-
tion of NH,OH. The protactinium and its descen-
dants (except Ra) are carried by the iron precipi-
tate. After a centrifugal separation, the precipi-
tate was dissolved to 1 M HNO, - 0.02 M HF and
added to a column of Dowex 50 — X4 (400 mesh).
On elution with three column volumes of the same
solvent, Pa free of descendants passed through the
column.

Both methods give very good results, but the
second one is more practical for further repurifi-
cations.

B. Detectors and Electronics

The y ray spectrum covering an energy range
from 10 to~ 600 keV was studied with two separate
spectrometer systems, one specially designed for
the x-ray region.

The detector of the x-ray spectrometer (ORTEC,
model No. 8213-08) consists of a nearly cylindri-
cal volume of lithium-compensated germanium
(~0.4 cm®) with a surface-barrier contact (2150 A
of gold) as the entrance window for the radiation,
The detector is kept in a cryostat with a beryllium
window 0.25 mm thick. An integral cryogenic pre-
amplifier, a shaping amplifier (440 A) and base-
line restorer (438) complete the system. The de-
tector was operated at 940 V and the total system
resolution, measured with an Intertechnique 4096~
channel pulse-height analyzer, was of 500 eV full
width at half maximum (FWHM) for the 14.38-keV
¥ rays of 5’Co and 950-eV FWHM for the 279.19-
keV y rays of 2Hg.

The second spectrometer system used a 2-cm?
Ge(Li) detector consisting of a planar diode with a
depletion depth of 4 mm (model No. 8045). The as-
sociated electronics (Tennelec, TC 135 FET pre-
amplifier and TC 200 amplifier) showed a photo-
peak of about 2.0 keV FWHM for the 121.98-keV
y rays of "Co. The gain of the amplifiers was
chosen in such a way that we get typical values of
0.04 to 0.2 keV/channel in all the spectra. The
best resolution at low rates was obtained with the
first differentiator and integrator time constants
set a 1.6 usec and the second differentiator time
constant at 1 msec. In order to avoid attenuation
by the germanium dead layer, the low-energy part
of the spectrum was observed with the source at
the side of the detector. The active solution was

put into a glass ring around the detector. A re-
gion especially difficult to analyze is that around
140 keV, because of the coalescence of the back-
scatter peaks and the Compton edges of the intense
group of transitions with energies from 250 to 380
keV.

The high precision in the energy determination,
attained with the x-ray spectrometer, required
special care in obtaining the energy versus chan-
nel function. The nonlinearity of the amplifier-an-
alyzer system was measured with a commercial
precision pulser (model No. 419) and y-ray stan-
dards. The pulser was coupled to the preamplifier
through the test input with the detector connected
and bias applied. The curve showing the deviatinn
from linearity had a nearly parabolic shape. The
same result was obtained with the standard y rays
using either the position of the interpolated maxi-
mum of the photopeaks or a Gaussian fit to the
symmetric part of the peak.

C. Detector Calibration and Efficiency Determination

Both spectrometers were finally calibrated with
the y energy standards (***Am, °°Cd, *Co, '®®Au,
zong’ 51Cr, 7Be, ‘87CS, 133CS, 1311’ 230Th, 21°Pb, and
the x rays of Ac, Ba, Ag, Pb, T1, Hg, and Np).
These data were used to establish an energy-cali-
bration function consisting of a linear term and a
quadratic term which represented nonlinearities
in the system. The energies of the most promi-
nent y rays of **’Ac were determined within 30 eV
below 100 keV and within 60 eV around 300 keV.

Relative intensities of ¥ rays were obtained from
photopeak areas, taking into account the relative
photopeak efficiency. The latter was established
by observing the spectra of sources that emit y
rays of several different energies with well-known
intensity ratios. For the region from 6 to 100 keV
the efficiency curve was mainly determined from
the relative photopeak areas of the v ray and the
x ray and the reported internal-conversion coeffi-
cients and fluorescent yields. When the source de-
cayed by electron capture, corrections were made.
This method is essentially the pair-point method;
the relative positions of groups of related points
were adjusted graphically until a smooth curve
could be drawn through them. The areas of the
peaks were obtained after a graphical determina-
tion of a smooth curve, in general a straight line,
separating from the total spectral distribution that
part of the distribution which was to be considered
the peak. After subtracting this background, the
full-energy-peak profiles were compared with
standards profiles. Distinct efficiency-versus-en-
ergy functions were obtained for the different de-
tectors and geometries used. A typical uncertain-
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ty of about 10-20% in the relative y intensities was
obtained for the y rays of 2*’Ac with energies below
100 keV. Around 300 keV, these uncertainties
were reduced by a factor of 2.

D. Coincidence Measurements

Coincidence runs were performed with both
Gi(Li) detectors or with one of them and a 7.6-cm
X T7.6-cm or a 2.5-cmX 0.6-cm NalI(T1) scintillation
counter, The detectors were placed at right an-
gles with a Cu-Pb-Cu shield between them to pre-
vent scattering from one detector to the other.
Crossover coincidence timing was employed, with
a resolving time between 40 and 80 nsec, in order
to avoid the loss of coincidences by variations of
crossover times, Chance coincidences were ob-
tained and subtracted. The use of two analog-to-
digital converters made it possible to operate in
the two-parameter mode. Typical configurations
were 16X 256 and 32X 128 channels.

III. EXPERIMENTAL RESULTS

A. Singles Spectra
The singles spectra for the decay of #!Pa ob-

tained with the x-ray spectrometer are shown in
Figs. 1, 2, and 3. The portion of the recorded
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spectrum with energy above 400 keV is shown in
Fig. 4. Especially worth noting are the many close-
ly spaced doublets that are almost separated; for
instance, 27.35-29.95, 299.94-302.52, and 327,02-
329.89 keV. Even at this high resolution, howev-
er, we believe that other even more complex peaks
remain unfolded, for example, the 57.2-keV peak.
Graphical analyses were made in these cases to
determine the components.

A list of all the y rays assigned to the decay of
231pa is given in Table I. The relative intensities
are normalized about the 27.35-keV peak, Not all
the lines could be fitted into a decay scheme. In
the final column of the table the letters A and NA
indicate those that could and could not be so ac-
commodated.

The region below 27 keV is difficult to analyze,
partly because of the secondary effects of the in-
tense line of 27.35 keV, but mainly because of the
problem of sorting out the L x-ray lines of the
daughter Ac.

B. Measurements in the L X-Ray Region

An attempt was made to reconstruct the I, x-ray
spectrum based on the relative intensities given by
Powers'® and our own efficiency curve. The Lo
group is much simpler than the LB and Ly groups.
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FIG. 1. The L x-ray region of the vy spectrum. In this portion of the spectrum the resolution (FWHM) is about 450 eV.
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FIG. 2. Typical low-energy portion of the y-ray spectrum of %1pg as obtained with the X-ray spectrometer.

In our spectrum, a peak at 12.65 keV combines the
Lo, and Lo, lines in the ratio of 100:11. This
peak was used to normalize the total spectrum
once the Compton continuum was subtracted. No
agreement was reached for the shapes of the total
relative intensities for the LB and Ly groups. An
even stronger disagreement was encountered for
the LI transition.

Since direct measurements of excited x rays in
Ac are unfeasible, the L x-ray spectra of neighbor-
ing heavy elements were investigated in several
ways in order to determine by interpolation the
lines for Ac. First, the transitions following in-
ternal conversion were studied in the cases follow-
ing @ decay; 2*°Th and **!Am, and 8 decay; *'°Pb
and 2°3Hg. Secondly, the spectrum of transitions
following external conversion due to 662-keV pho-
tons were examined for the cases of Pb, Bi, Th,
and U. For both of these approaches the Ge(Li)
spectrometer was employed, and the profile of the
14.38-keV y ray of *'Co was used as the standard.
Special care was taken with backscattering effects
which, at these low energies, correspond to a tail
in the photopeaks strongly dependent on energy.

Finally, a plane one-crystal Philips spectrome-
ter was used to determine more precisely the L

x-ray spectra of Pb, Bi, Th, and U. The equip-
ment consisted of a 2-kw x-ray generator (100-kV,
type PW 1310), an x-ray tube with gold anode (PW
2161/00), a vacuum spectrometer (PW 1540) with
target holder, and a fine collimator (160 u spacing).
A topaz analyzing crystal (2d =2.712 A) was used

in connection with a motor-driven goniometer (PW
1050/25). In the crystal chamber a flow proportion-
al counter detects the low-energy radiation. A be-
ryllium window scintillator was also used.

The relative L x-ray yield depends on the mode
of vacancy production, being different for internal
conversion, capture, and photoprocesses. In in-
ternal conversion, the number of conversions in
the L subshells is dependent on the multipolarity of
the y transitions. Given the complexity of conver-
sion processes in the L subshells of Ac, it is like-
ly that the intensity distribution in this case would
approach that produced by external conversion,
but this remains a hazardous statement. At best,
the method employed shows the presence of the
most prominent y rays with energies less than 21
keV; these y rays appear in the experimental spec-
tra after the subtraction of the constructed L x-
ray spectrum duly normalized at the 12.65-keV
peak.
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FIG. 3. Singles y-ray spectrum of 1py from 200 to 450 keV. In this region the resolution (FWHM) is better than 1 keV.

The interpolated relative intensities of the Ac L
x rays obtained and used in this work are given in
Table II. In Table III the same results are present-
ed for the K x rays.

C. Coincidence Results

Interesting results appear when the lower portion
of the energy spectrum is measured in coincidence
with the entire region of the spectrum above 85
keV. The coincidence spectrum is given in Fig. 5.
With all K x rays eliminated, the y spectrum in
the lower portion is revealed in greater clarity,
making it possible to determine which states are
directly populated from the higher levels. The rel-
ative weakness of the transitions associated with
the K =3% is evident, indicating a preference for
the K =5~ band to decay to the negative-parity 3
band. The presence, in the coincident spectrum,
of a relatively intense 57.1-keV transition does not
invalidate this statement, since there are two tran-
sitions separated by about 100 eV; one is an intra-
band transition in the %+ band and the other, less

intense, is an intraband transition in the 3~ band.
The spectrum of lines in coincidence with the
very intense 27.35-keV y ray shows many interest-
ing features (Fig. 6). Using the Nal crystal to gate
the pulses, the minimum window width was 4 keV
and thus not all 25- and 30-keV y rays were com-
pletely excluded. The 2-cm® Ge(Li) crystal was
used as detector, and coincidence involving y rays
above 380 keV were not observed, because of poor
statistics. The width of the complex peak at 300
keV is reduced by a factor of 2, clearly showing
the disappearence of the 299.94-keV transition, as
previously reported.® Other lines which disappear
are the following: 329.89, 354.38, 356.96, 255.78,
and 260.14 keV. Lines which appear in coincidence
are 283.56 and 340.61 keV. In addition, a com-
plex peak about 244 keV and a very weak transition
of about 277 keV are seen. The presence of the
283.56-keV line in coincidence indicates the pres-
ence of a very important 18.99-keV transition,
which probably corresponds to that of 18.88 keV re-
ported by Stephens. This transition must be highly
converted and the direct observation of the y rays
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FIG. 4. High-energy portion of the y-ray spectrum of B1py recorded with a large-volume Ge(Li) detector. B means
that the peak is present in the background spectrum.

is rendered difficult by the presence of the Ly com-
plex group with about the same energy. However,
even in the singles spectra the presence of y rays
in excess over the expected Ly x-ray peak is be-
yond any doubt. This transition is a very impor-
tant piece in building up a coherent decay scheme,
since it corresponds, probably, to more than 30%
of the disintegrations.

With the x-ray spectrometer the following lines
were seen to be in coincidence with the 27.35-keV
v rays: 25.5, 38.2, 57.2, 63.7, and 77.4 keV.
There is also evidence for a 102-keV transition
partially unresolved from the KB x-ray group.
Moreover, the peak at 19 keV becomes as impor-
tant as those corresponding to the Lo and LB

groups, confirming the presence of y rays of about
this energy in coincidence with the 27,35-keV tran-
sition.

In coincidence with the 283.6-keV line we ob-
served the 27.35-keV y ray, the L x-ray group,
and the 46.37-keV y ray. In addition, a very weak
line of 57 keV was seen; evidence of the presence
of the intraband ¥ —£" transition in the K =% band.
When the gate is displaced towards the complex
300-302-keV peak, the 29.95-keV line appears as
a satellite of the 27.35-keV peak. The 46.37-keV
line disappears, but vestiges of a peak remain at
57 keV. This last peak is the only one that appears
in coincidence with the 330-keV line.

Additional results of the coincidence experiments
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TABLE 1. Energies (in keV) and relative intensities

TABLE 1 (Continued)

of the y rays attributed to the decay of 21pa. The inten-

sities are arbitrarily normalized to I'v(27.3 keV) =1000. Energy Relative photon
In the last column, A and NA indicate those transitions (keV) intensity Observations
that could and could not be accommodated in the pro-
posed level scheme; @ —j) means a transition from level 273.08 +0.09 6.2 +0.3 A (13»1)b
i to level j as indicated in Fig. 7. 276.99 +0.09 7.2 +0.4 A (16—7)
283.56 +0.06 169 +8 A (14—+4)
Energy Relative photon 233 'gi ig'ég léZ4 igzll ZA 14—3)
(keV) intensity Observations 302.52 £0.06 952 114 A (4—2)
310.0 +0.1 0.15+0.05 NA
10.9 +0.1 ~40 Li 312.88+0.08 10.2 +0.6 A (16—5)
12.65+0.01 ~800 La 327.02 +0.10 3.2 +0.2 A (15—2)
14.1 £0.1 NA 329.89 +0.06 140 £7 A (14—1)
15.7 ~1000 LB
16.5 +0.1 A 4—3) 340.61+0.07 17.8 +0.9 A (16—4)
18.5 ~9250 Ly 351.4 +0.1 0.38 +0.04 A  (17—+5)
~19 (18.88%) A (4—2) 354.38+0.08 10.2 0.6 A (@5—1)
24.5 +0.1 ~1 A (15_,14) 356.96 +0.07 18.6 +1.1 A (16”3)
97.3540.02 1000 A @2—1) 363.74+0.10 0.80 +0.07 A (18—5)
3749 +0.1 0.50 +0.04 NA
29.95+0.02 9.9 0.9 A B—D 379.09 +0.08 5.3 +0.4 A (174
31.00 £0.05 1.0 0.2 NA 384.7 0.1 0.44 +0.04 A (19—6)
31.54+0.05 0.7 £0.2 NA 387.0 +0.1 0.05+0.02 A (16—1)
35.82+0.03 1.7 +£0.2 A (7—5)
38.20 +0.02 16.0 +1.6 A (64 391.5 +0.1 0.73 +0.06 A (18—4
39.57 +0.04 0.15+0.07 NA 395.5 +0.1 0.28 +0.03 A 17—3)
39.97 +0.02 1.3 +0.2 NA 398.10 +0.08 1.00+£0.08 A 17—2)
42.48i0.05 0.6 +0.1 NA 407.71 +0.06 3.9 +0.3 A (18—’3)
43.05+0.05 0.7 +0.2 NA 410.5 +0.1 0.20 +0.02 A (18_’2)
44.16 +0.02 6.5 +0.7 A (5—3) 435.1 +0.1 0.36 +0.04 A (20"’5)b
4379 +0.1 0.44 +0.04 A (18—1)
46.37+0.02 22.4 +0.2 A 4—1) 438.7 +0.1 0.16 +0.04 NA
50.98 +0.05 0.15+0.06 A (18— 16) 486.7 +0.3 0.19 +0.04 A (22__,3)b
52.74+0.02 9.1 +0.9 A (8 —~5) 491.0 +0.6 0.05 A  @3—5)b
54.61 +0.02 8.7 +0.8 A 6—3)
56.76 +0.04 0.6 0.1 NA 501.6 +0.5 0.06 +0.02 A (0—1)P
57.1940.03 4.2 +0.4 A (62 509 +1 0.03+0.01 NA .
60.50 +0.03 0.7 +0.1 A (9—*8)b 516.2 +0.6 0.14+0.03 A (22—1)
63.67+0.03 5.4 +0.5 A (T—4) 535.3 +0.7 0.05+0.02 A (23—’3)b
70.50 £0.05 0.7 +0.1 NA 546.6 0.7 0.06 +0.02 A (@4—3)P
71.9 +0.1 0.2 +0.1 A (10—-8)b 572.1 +0.8 0.05+0.02 NA
72.5 +0.1 0.4 +0.2 A (12—10° 3Value taken from Ref. 4.
74.18 +0.04 2.7 +0.3 A (61 bAssignment is uncertain.
77.36 £0.03 7.3 +0.8 A ©9—7P
87.67 +0.02 61+5 Ka,
90.88 +0.02 103 +8 Ko, are presented in the next sections.
96.88+0.03 9.5 +1.0 A (83 _ -
100.92 +0.04 3.4 10.5 A (11—7) D. Conversion Coefficients
~102.6 (102.552) ~2 A (9—6P
102.7 +0.1 38.5 +3.0 KB} We have calculated the absolute values of the K-
105.7 +0.1 11.5 +1.5 KB shell coefficients of the most-intense transitions
124.6 +0.1 0.5 +0.2 A (10—5) in the 260-380-keV range. They are based on re-
144.5 +0.1 1.3 10.4 A (12—8) ported relative conversion-electron intensities,®
199 +1 0.6 +0.2 NA on the absolute K-shell conversion coefficient of
242.2 +0.1 0.9 +0.1 NA the 329-keV transition,’' and on the relative pho-
243.0 +0.1 3.7 +0.3 A (13—3)° ton intensities determined in this work. These «
245.4 +0.1 0.8 0.1 NA b values are given in Table IV with the predominant
332'28 i8‘§7 10.9 :gé ‘: gi_’g multipole attributed to each transition, after com-
. +0. . . -

958.4 +0.1 0.25 +0.06 NA parison with theoretically derived values.!”
260.14i0.08 18:6 ¢1:1 A (16—8) The L-shell conversion coefficients for some
transitions below 100 keV were calculated on the
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TABLE II. Determined relative intensities of some L
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x-ray lines in 2TAc. These intensities are obtained by
interpolation as described in the text.
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TABLE III. Relative intensities of the most important

K x-ray lines of ?*'Ac.

Energy Relative
Energy Relative K x rays (keV) Intensity
L x rays (keV) intensity Koy, LK 87.67 59 <4
Koy, LK 90.88 100
Ll, LgM 10.87 5+1 KB, MpK 102.05 11.3+1.5
La,, LgMy 12.50 1121 KBy, MpK 102.85 25.0 £2.5
Lay, LMy 12.65 100 MyK 103.39
LBg, LNy 14.60 3.0+0.7 Kﬁs,{MVK 103.54} 0.71+0.08
LBy, LMy 15.18 82 KBy, NiK 105.68 2.7+0.3
LBy, LyNy 15.23 37+3 KB}, NpK 105.87 5.5+0.6
LBy, LyMy 15.71 80 £7 KBy, NyK 106.10 0.6+0.1
LBs, LyOy 15.79 7:1 OpK 106.54 1.820.2
LBg, LMy 15.93 741 OnK 106.59 O ED
L’Yi, LHNIV 18.41 21 +3
L’Yz, LINII 18.76}
4+1 . . ips .
Lvyg, LyOq 18.81 basis of electron intensities given by Baranov, the
Lys, LiNg 18-95} 61 a value of the 27.35-keV transitions, and the y in-
Lvyg, LyOy 19.00 e : ; s 18
I 62 LHO 19.63 9.040.5 tensities given in this work. Asaro ef al.'® report-
. 0 x0.
Yo L1001 ed @;(27.35 keV)=2.8+0.3. The value determined
in the present work is 3.0+ 0.3. Adopting this lat-
ter value we found the results given in Table V.
To determine more precisely the L-shell con-
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FIG. 5. Low-energy spectrum in coincidence with all the ¥ rays with E >85 keV. Chance coincidences were not sub-
tracted. This spectrum was obtained with an “old” source, and many daughter activities are present. The correspond-
ing peaks are indicated by a D. The upper curve is a direct spectrum.
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version coefficient of the 29.95-keV transition, the
following coincidence measurement was performed.
With the 2-cm?® detector used for gating the ana-
lyzer, the window of the discriminator was placed
in such a way that only the upper part of the com-
plex 299.94-302.52-keV peak could authorize the
passage of pulses from the x-ray spectrometer.

In this situation we observed only the 27.35-keV

y rays and L x rays in the ratio

(L x ray)/y(27.35) =, (27.35)w, = 1.35,

after correcting for efficiencies. With the fluores-
cent yield w, =0.45 we find ¢, (27.35)=3.0 with an
estimated error of 10%. The w, value adopted by
Asaro et al.'® was 0.52. With w, =0.45 they would
find o, =3.16.

The base line was then moved down, and the com-
plete complex peak passed through the gate, The
29.95-keV y rays appeared in the coincident spec-
trum with an intensity only 42+ 5 times less than
that of the 27.35-keV y rays. In these spectra the
L x-ray peaks were approximately twice as high,
and the Lo : LB : Ly ratios were slightly modified.
We finally found

(L x ray)/y(27.35)=2.179,

The 312.77-keV y rays also passed by the gate,
but the contribution of this line to the coincident
spectrum can be separately obtained by moving up
the base line of the gate to eliminate completely
the complex peak around 300 keV. This procedure
also gives information on coincidences with the

TABLE IV. Measured @, values of some transitions observed in the decay of 2*!Pa.

Transition Relative Relative photon
energy K-electron intensity Predominant
(keV) intensity (present work) % multipole
260.14 12 +2 18.6 +1.1 0.62 +0.16 M1
273.08 2.5+1.0 6.2+0.3 0.39 +0.14 M1+E2
283.56 7.0+1.5 169 +8 0.04 +0.01 El
299.94 100 +8 244 +14 0.39 +0.06 M1
302.54 10 +2 252 +14 0.038 +0.010 El
312.88 5.0+1.5 10.2 +0.6 0.47 +0.16 M1
329.89 60 +6 140 +7 0.41 +0.05% M1
340.61 1.0+0.4 17.8+0.9 0.054 +0.020 Elor E2
354.38 1.5+0.5 10.2+0.6 0.14 +0.05 M1+E2
356.96 7.5+1.5 18.6 +1.1 0.39 +0.10 M1
379.09 1.0+0.4 5.3+0.4 0.18 +0.08 M1+E2

2See Ref. 11.
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TABLE V. Measured o values of some low-energy
transitions observed in the decay of Bipy,
Transition
energy ay
(keV) exp theor? Multipolarity
27.35 3.0+0.3 2.7(E1) E1l
29.95 220 +40 100 (M1),2800(E2) M1+E2(~4%)
38.20 70 +12  44(M1), 835(E2) M1+E2(~3%)
57.18 105+18 117(E2) E2
63.67 76 £13 74(E2) E2
96.88 9.8+1.6 9.6(E2) E2
2See Ref. 17.

Compton background in the region of interest. Cor-
rection for chance coincidences were also made.
We finally found, as an average of two different de-
terminations
;(29.95)=140+ 20,
indicating an almost pure M1 transition. This re-
sult does not agree with that obtained from the rel-
ative electron intensities given by Baranov et al.
A very small £2 contribution implies also a con-
flict with the L-subshell ratios given by the same
authors. However, it seems to us that the 29.95-
keV transition is predominantly an M1 transition

) 9/2 —
) (5/2) =— —— o+ —

o (3/2) — 7
&) (/2) _T

we —
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with a few percent (2 to 5%) of E2.

Table VI presents the estimated intensities of
some transitions observed in the decay of 2!'Pa
calculated with the measured conversion coeffi-
cients. They are given as the number of transi-
tions per 100 disintegrations, and an error of the
order 20% is expected in the very intense low-ener-
gy transitions. For the 46.37-keV transition the
theoretical value of @ was used.

IV. CONSTRUCTION OF THE DECAY SCHEME

The proposed decay scheme is shown in Fig, 7,
and arguments are given for its construction below.

The ground and first excited states are firmly es-
tablished as the $[532] and $[651] Nilsson states,
respectively. On the basis of our measured y-ray
energies alone, it is possible to assign nine y rays
as cascade and crossover transitions between mem-
bers of rotational bands built on these states.
These intraband transitions are 29.95, 44.16,
74.18, 52.74, and 96.88 keV in the negative-parity
band and 57.19, 38.20, 63.67, and 25.54 keV in the
positive-parity band. Moreover, four interband
transitions serve to give additional information for
positioning the rotational levels. These transitions
are those of 27.35, 46.37, 54.61, and 35.85 keV.
The 16.5-keV interband transition is very difficult

5/2

- 16 - 386.96 £ 0,06

i
I

// \\\\ \\\\

- 15~ 354,38 * 0.05

|

|

|

|

|

|

L 14 - 329,87 £ 0.04 °|
a

486.7

5016
516.2

13-(272.9 £ 0.1) -
1372 T

//////// //////

12~ 271,3 £ 0.1

- I1-2i0.92 £ 0,10

- 10-198.78 % 0.08 11/2.

I~ 9-187.36£0.07

144.5
124.6

9/2

(23.6)

AT I3/2
¥

II/2

77.36
100.92
6

I~ 8- 126.84 + 0.05
- 7- 110,00 % 0,04

|- 6 - 84,55 £ 0.03

96.88 |, (71.9) |, (72.5)

/ /
1

13

/

9/2

[~ 5-74,13 £ 0.05

/

5/2

b
g
=
l—
|
|
/
/‘
|
_—1

57 19 125-5‘

zﬁf{ AVERATHAY

+
5/2

I%E_.ss 4154, 8 |, s2.74

.//

372

f}ﬁa.z
N

3/2

ab'.)
»V

FIG. 7. Proposed level scheme for *"Ac. The numbers at the left refer to the last column of Table I. All energies
are given in keV,



582 DE PINHO, DA SILVEIRA, AND DA COSTA 2

TABLE VI. Estimated intensities (per 100 decays) of
some transitions observed in the decay of ?!Pa. Errors
are not quoted and can be as large as 20%.

Transition Transition

energy Estimated energy Estimated
(keV) intensity (keV) intensity
27.35 46 283.56 1.4
29.95 28 299.94 2.7
38.20 14 302.52 2.1
46.37 0.4 312.88 0.14
57.18 7 329.89 1.8
63.67 6 340.61 0.14
96.88 1.3 354.38 0.1
260.14 0.3 356.96 0.2
273.08 0.1 379.09 0.06

to observe owing to the presence of one of the es-
cape peaks of the 27.35-keV line. These results
and the coincidence experiments with the 27.35-
keV vy rays permit the interpretation of the eight
lower-energy levels of 2*’Ac as pertaining to two
rotational bands. The energies of the strongest
transitions were determined with a precision of
about +20 eV (see Table I, column 1), and the dif-
ference in energy between the sum of any cascade
transitions and the appropriate crossover transi-
tion is always consistent with our estimated exper-
imental errors. Two additional levels in each band
were determined, but with less clear-cut argu-
ments.

The cascade and crossover transitions within a
rotational band should, of course, have multipol-
arities of M1 (+E2) and E2, respectively. The
measured o values are consistent with the assign-
ments made concerning the rotational structure of
the level scheme. In the measured cases (29.95-
and 38.20-keV transitions) the upper limit of the
E2/M1 mixing ratio for the intraband cascade tran-
sitions is 5%. This ratio is considerably more im-
portant for the M1 +E2 interband transitions deex-
citing the 3[530] band levels. The natural explana-
tion for this fact is that for 3[530]~3[532] transi-
tions, [AA|=2. Such a change in the asymptotic,
quantum numbers for this single-proton transition
does not violate the Alaga'® selection rules in the
E2 case, but hinders the M1 transition.

The &, %, andZ levels of the rotational band built
on the 3{530] Nilsson orbitals are fixed by the ob-
servation of at least five transitions depopulating
each one. These transitions link the 3~ band with
the § bands. The energies of these levels are then
fixed within 40 to 80 eV. Levels at 354.38 (3°),
425,46, and 469.26 keV are also firmly established.
The first one pertains to the K =3 rotational band.

The observation of the intraband transitions is, in
this particular case, rendered difficult by some
peculiar features of the y spectrum.

When it was possible to estimate the transition
intensities, the discrepancy between the total feed-
ing and decaying intensities was small and compat-
ible with the ¢ intensities reported by the Baranov
group.® The only noticeable exception is the 46.35-
keV level. We estimated that this level is fed by
about (47+ 6)% of the disintegrations. Since the
direct transition to the ground state has a negligi-
ble intensity (~0.4%, if E1), this level must be de-
excitated via the 27.36- and/or 29.94-keV levels:
It happens that the 19-keV transition cannot ac-
count for more than 35% of the disintegration, and
the 16.5-keV transition, if £1, could not be respon-
sible for the missing 10%. We are thus forced to
postulate another low-lying level in ?*’Ac with E
~30 keV. A level reported by the Baranov group®
with energy around 34 keV is a potential candidate
for playing the role of an intermediate level in the
decay of the 46.35-keV level. We were not able to
identify this level. The nonobservation in the y
spectrum of the transitions responsible for the
feeding and the deexcitation of this level is proba-
bly due to the fact that these transitions are strong-
ly converted. On the other hand, the analysis of
the electron lines reported in Ref. 3 is not conclu-
sive. The very intense electron line of 14.1 keV in-
terpreted by those authors as the conversion of a
34.1-keV transition in the Ly subshell can also be
explained as the conversion of a 19.0-keV transi-
tion in the My subshell.

Some electron lines reported in Ref. 3 could be
reinterpreted to explain our proposed decay
scheme. For example, the 3.8-keV electron line
could be originated by the L; conversion of the
23.6-keV transition. This transition is essential
to understand the feeding of the 187.4-keV (3")
level.

A reinvestigation of the low-energy conversion
spectrum seems to be of considerable importance
for a more complete description of the decay
scheme of ?*'Pa.

Complementary information on the level scheme
of ®"Ac is given by the B decay of ?*’Ra. v rays of
about 300 and 500 keV were observed®*?! in addi-
tion to the very intense 27.3-keV transition. An in-
tensity of nearly 0.6 photons of 500 keV per 100 8
decays suggests the presence of a low spin level at
that energy. This level could pertain to a K = il
rotational band expected in this region of energy.
Some nonassigned transitions with E > 486 keV
(see Table I) could be used to construct this band.
We tentatively suggest levels at 501.6 keV (37),
516.5 keV (%+), and 565.3 keV (3%), accomodating
five observed transitions.
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V. DISCUSSION OF THE RESULTS

Coupling effects between rotational and intrinsic
motions can be described in terms of the rotor
model?? or, more generally, can be obtained by ex-
panding the rotational energy as a power series of
the total angular momentum.® In regions where
the rotational picture is most applicable, the se-
ries converges rapidly, and one obtains a descrip-
tion of a rotational band in terms of a simple I
(I+1) rule [except in the special case where K =3
when an additional diagonal term (=)’ * Y2(I + 3) is
present]. 2*?Ac is at the border of a rotational re-
gion and relatively strong deviations from the sim-
ple rotational rules are expected in this nucleus.

It was long suggested®*® that the 329.89-keV
level, populated by a favored o branch, has the
same configuration as the ground state of **!Pa,
Both levels, with spin %, are heads of well-devel-
oped rotational bands. The I =3 and / =% members
of this band were identified in ?*"Ac at energies of
354,37 and 386.86 keV, respectively. The ground
state of 22"Ac has measured spin 3 and is connect-
ed to the 329.89-keV level by a M1 +E2 transition.
The ground state must therefore have odd parity
and was identified®” with the 3[ 532] configuration.
The first excited state, connected to the ground
state by a very strong £1 transition, was identi-
fied® 7 with the Nilsson orbital 3*[651]. The
search for the higher-spin partners of the K =%*
rotation bands was attempted by many authors®® 2
but only with partial success.

A. K=3%" Band

The K =3 [530] rotational band is defined by the
following levels: 329.87 (I=3), 354.38 (I=3%),
386.96 (I=1), and 437.86 keV (I=3).

Describing this rotation band by a three-parame-
ter formula,

E(M)=AIT+1)+ (=)' *¥2([ 4+ 3)[A, +I(I +1)B,],

the higher spin levels are predicted at 507.8+1.2
keV (I=%), 570.0£0.8 keV (I=9), 696+ 2 keV (I=%),
and 746.5+ 1.8 keV (I=4%). Baranov ef al. observed
strong evidence of @ branches populating levels at
501 and 560 keV. Since all the energies in the Bar-
anov paper seem to appear a few keV below the
true values, we propose levels at 509.2 and 575.7
keV as rotational states with f =4 and I =%, re-
spectively. These levels are associated with the
435.1-keV (509.1~174.1 keV) and 545.8-keV (575.7
-29.9 keV) transitions. The parameters of this
rotational band are A =6.89+0.02 keV, a=A4,/A
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=-2,22+0.02, and B;=89.9+4.3 eV.

If we accept the 509.2-keV level as the 7 =4 mem-
ber of this band and try to find the I =% state by
means of a four-parameter formula,

EW)=IC+1)[A+I(+1)B]

+ (=) Y214 3)[A, +I0+1)By] ,

we get A =6.86 keV, a=-2,225, B, =83.0 eV, B=2.9
eV, and E(§)=571.6 keV.

The 3 [530] band occurs as the ground states of
#31pa and #%Pa.?* It is also observed in 2*"Np.?®
The rotational constants and decoupling parame-
ters are A=6.34 keV, a=-1.40 in 2%'Pa; 4 =6.0
keV, a=-1.3 in ®Pa; and A=6.72 keV, a=-1.64
in 2%"Np.

It is interesting to observe that two unassigned
transitions with 374.9 and 486.7 keV could repro-
duce Baranov’s energy levels if placed between the
501.7- and 126.84-keV levels and between the 560.8-
and 74.12-keV levels, respectively: The multi-
pole character of both transitions would be M1 +E2,

B. K=73" Band

Results for this rotational band are summarized
in Fig. 8. It is described by a three-parameter
formula:

E()=II+1)[A+II+1)B]
+ (=) IR U+ 3T +3)A,.

In the rotor model the parameter B measures
the vibration-rotation coupling, and the last term
is associated with the mixing with K = 3 configura-
tions via the Coriolis term of the Hamiltonian. In
our particular case the most important coupling of
this band must be with the K =37[530] band. When
we take the four lowest levels to fix these parame-
ters we find A=6.04+0.01 keV, B=3.2+0.6 eV,
and A;=15.8+0.5 eV. The 4t and 4¢levels are
then calculated at 200.6+ 0.8 and 274.1 +1.3 keV,
respectively. We found, experimentally, levels at
198.8 and 271.3 keV with all the characteristics of
Ll and & states, respectively.

The first four levels of this rotation band are
firmly established. All the intraband transitions
were observed. The four transitions deexciting
the two higher levels are very weak, indicating,
as observed, a small population of these levels.
Baranov et al.® reported a very weak o branch
feeding a level at 268.2 keV (0.04%). It is not im-
possible that this level is the I =% partner of the
band, but the possible existence of another level
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theses. All energies are
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at 272.9 keV (see below) renders difficult any def-
inite conclusion, since the feeding of this last lev-
el via the 329.87-keV level implies the presence of
a 57.0-keV transition. The determination of a
weak transition in this range of energy is rendered
difficult by the presence of a strong 57.18-keV
transition.
The coincidence experiments indicate that the

260.14-keV transition is in coincidence with 52.74-

and 96.88-keV vy rays, and that the 312.77-keV tran-

sition is in coincidence with the 44.16- and 74.14-
keV y rays. Following the conversion-electron
studies of Stephens, E2 multipolarities for the
74,18- and 96.88-keV transitions are very plausi-
ible. The @, value for the 96.88-keV transition
given in Table V is that of an £2, in agreement
with the proposed decay scheme.

C. %' Band

This positive-parity rotation band is shown in
Fig. 9. The three-parameter formula in this case
gives A=4.21+0,01 keV, B=8.6+0.5 eV, and By
=-86.5+ 0.5 eV. The value of the moment of inertia

is abnormally high, and the band seems very per-
turbed with very conspicuous alternating perturba-
tions indicating a strong coupling with hidden K = 3"
bands. These bands could correspond to the 3[660]
or the 3[651] Nilsson states. We discussed in the
preceding section the possible identification of one
of these bands in ?*’Ac. The predicted levels at
190.5+ 0.7 keV (3*) and 207.4+ 1.3 keV (%) must
be identified with the experimental levels found at
187.36+0.07 and 210.92+0.10 keV, respectively.

The 302.52-, 283.56-, and 340.61-keV transi-
tions depopulating the K = 3" band and arriving at
the %+, %+, and again %+ states of the K:%+ band,
respectively, are of the E1 type, as indicated by
the measured value of @y (Table IV).

The levels of this band are alternately strongly
and weakly populated by @ decay: the &, Z, and i
levels receive only about 3% of the decays, and
the &, £, and 4 population amounts to about 50% of
the disintegrations. Such a situation agrees very
well with theoretical results.?®

An interesting point is the intensity equilibrium
at the 84.55-keV level. The population due to direct
a decay is very small (~0.4%); on the other hand,
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we have starting at this level the very intense tran-
sitions of 57.19 and 38.20 keV, responsible for al-
most 20% of the disintegrations. This apparent un-
balance is accounted for by the presence of the
25.5-keV intraband transition proceeding from the
110.0-keV level.

It was not possible to identify in our y spectra a
relatively weak y line of 23.56 keV responsible for
the population of the 187.38-keV level, as discussed
in a previous section. On the other hand, the
100.9- and 102.7-keV transitions are well estab-
lished, and their character is consistently given
as E2 by conversion-electron data,* justifying the
hypothesis of a rotational band extending up to the
18 level.

As shown in Table V, the @ values for the
57.19- and 63.67-keV transitions are those of pure
E2 transitions, whereas the 29.95- and 38.20-keV
transitions are mixtures of M1 plus a few percent
of E2, in accordance with the proposed decay
scheme.

Concerning the population of the K =3" band via
the K =3~ band, the following results were ob-
tained: The very intense 283.56-keV transition
(E1) is in coincidence with the 46.37-keV y rays
which are also in coincidence with the 340.61-keV
line (E1); the 38.20-keV transition appears in co-
incidence with the 276.99-keV y rays indicating
the feeding of the Z¥ level via the £ level.

The anomalies observed in this rotation band
may possibly be connected with the especially

strong Coriolis coupling which manifests itself in
the large moment of inertia of this band, which is
about 40% larger than for the other two bands con-
sidered. The Nilsson orbit %[651] contains large
components with j=42 (87%) for which the Coriolis
matrix elements are especially large. The pos-
itive sign of the B coefficient and the importance
of the alternating term reflect also the major role
played by the Coriolis interaction in this band.?’

D. Other Levels of 2?7 Ac

Beside the 18 levels described in Secs. VA, VB,
and VC classified in three rotational bands, there
are a few other levels well established in the decay
scheme of #'Pa, A level at 425.46 keV deexcited
by at least four transitions is probably represent-
ed by quantum numbers Z*. A direct transition
from this level to the ground state was not ob-
served. A level at 469,26 keV connected to the -
and £ levels of the " rotation band could be a 2+
state. If so, we could wonder if the 425.46- and
469.27-keV levels do not pertain to a rotational
band built on an intrinsic Z* state or on a y vibra-
tion associated with the 3[651] orbital. A value of
A =4.87 keV for this band would not be too differ-
ent from the value obatined for the 3 band. The
next level (3*%) of this band is expected to be
around 523 keV; it could be associated with the
438.7-keV transition & ~2 K =3).

The existence of a level at 272.9 keV is also pos-
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sible, but its population remains an open problem.
The transition of 273.08 keV is M1+E2; if it cor-
responds to the decay of the proposed level, this

will indicate negative parity for this level.

Levels possibly associated with a K = ¥
were already discussed.

Finally it is interesting to point out that octupole
vibrations can be important in ?*?Ac. This kind of
vibration occurs at very low energy in many near-
by even-A isotopes. In particular, a well-devel-
oped odd-parity band is known in *2°Ra beginning
at 253 keV. This vibration mode when associated
with a K intrinsic state gives rise to a new state

band

Do

with the same value of K, but opposite parity.
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