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Results of an investigation of the radioactive decay of Pa

Bt are presented. The measure-

ments were performed with magnetic a and B spectrometers and a spectrometric arrange-
ment for y-radiation measurements. Twenty monoenergetic a lines were detected in the
a-ray spectrum. Ten of these lines have been established for the first time. From an analy-
sis of the electron and ¥y spectra it has been possible to detect some new conversion lines

and identify the multipolarity of the vy transitions in the Ac
nucleus is constructed on the basis of all available data.

energy level scheme of the Ac?

1. INTRODUCTION

I]:;-IE radioactive nucleus Pa®! is converted via o
decay into the a-active isotope Ac®*'. The half-
life of Pa®! is 3.4 x 10 years. Some information
onthe radiation emitted in the decay of this nu-
cleus and on the levels of the Ac®' nucleus were
presented in several papers [1-8] These investiga-
tions did not make it possible to resolve some
contradictions in the level scheme of Ac?. We
have therefore undertaken a further more careful
investigation of the o spectrum of Pa®! and of
the conversion-electron and vy-radiation spectra
of Ac%,

2. APPARATUS AND PREPARATION OF
RADIOACTIVE Pa?®! SOURCE

To study the electron and a spectrum we used
magnetic @ and B spectrometers with double
focusing of a beam of charged particles at an angle
mv2.1910] In these experiments the relative reso-
lution of the instruments was respectively several
hundredths and several tenths of one percent at
solid angles on the order of 1073 x 47, The y radi-
ation was investigated with ordinary y-spectro-
metric apparatus.

Prior to the direct preparation of the sources
for the o, B, and 7. spectroscopic measurements,
the protactinium was thoroughly purified to re-
move extraneous impurities, primarily actinium.

The source for the a-spectroscopic measure-
ments was prepared by evaporating protactinium
chloride in vacuum on a glass base. The surface
density of the active layer of the source was
1 ug/cmz. The effective areas of the sources used

27 pucleus. A more complete

in the series of experiments on the fine structure
of the @ radiation were 0.5, 1.0, and 3.0 cm?.

For electronic and y-spectrometric measure-
ments, the sources were prepared by the method
described in our earlier papers (see, for exam-
ple,[“]).

3. EXPERIMENTAL RESULTS

A. Investigation of the « spectrum of Pa®!. In
the investigation of the o spectrum we confined
ourselves to the energy interval 4450—5050 kev,
with intensity I= 2 x 10~ percent. As was shown

earlier,['d the energy calibration of the spectrometer

remains unchanged in this energy interval. The
standard line used in these experiments was the
known group of Pa®! 4938.0-kev o particles.]
The accuracy in the determination of the energies
of the remaining a groups was ~ 2 kev. The back-
ground of scattered particles in these experiments
did not exceed 4 x 10~ percent, and was therefore
outside the limits of the investigated intensities.
To investigate a relatively broad portion of the
spectrum (600 kev), several exposures were nec-
essary.

Figure 1 shows the apparatus spectra of the «
radiation from Pa®!, obtained in three different
exposures. The minimum half-width attained was
3 kev (Texp = 12 hours). We observed 20 a-radi-
ation fine-structure groups, of which the groups
ax, az (?), o, oy, o and ay,—ay5 were found
for the first time.

Table I summarizes the data of three experi-
ments. We give here the values of the energy (in
kev) and the intensity (percent) of individual groups
of a particles, along with the calculated values of
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FIG. 1. Apparatus spectrum of the fine structure of the o radiation of Pa**,

Table I. Fine structure of a spectrum of Pa?!
[ Hin- Hin-
E; * Inten- E: *
ot apar| sityes, [Suiesl Govey || o o apar| SESH, |dneel Lo
group ul::‘l;s, percent Icient, kev group tig;s, percent ci;axx‘:t, kev
m
|
a, 5045,3‘ 11.0 | 205| 0 a, | 4839, | 1.4 75 | 209.5
o, 5018,5 ~25 | 640 | 274 | «a, 4781,7 4.10-2 | 1050 | 268.2
a 5016, | <20.0 0| 294 || « 4724, | 8.4 2| 3271.0
! 4 ? 0
0, ? zgi(z) 3 a, 4699,7 ~1 12 | 351.7
a, | 4667, | 1.5 5| 38,5
o, | 4999, 25.4 | 45| 45.9 5
? 3 a, 4630,2 ~10-1 | ~40 | 422.4
a 2, 1.4 | 525 A
o | 49T, 73 b | 4618, f~107 30 | 434.0
a 4961, 0.4 | 1600 | 84.4
¢ 5 ' a 4586,0 1,5-10-2 | 120 | 467.4
a 4938, 22.8 20| 107.1
° 0 a5 4553,3 8-10-3 120 | 501.0
4920, 3.0 | 120 | 126.8
% 7 O 4494,8 3.10-3 135 | 560,0
@, 4887,0 2.10-3 |~105 | ~160

*The standard line used was the 4938.0-kev 0. group.
**Data from three experiments were included in the estimate of the o.-group inten-
sity.

the hindrance coefficients m and the level energies. ancy lies apparently within the limits of experi-
The experimental values of the energy and in- mental error.

tensity which we have obtained for the ten known It is highly interesting to consider separately

a groups differ somewhat from the corresponding  the a@-spectrum shown in the lower right of Fig. 1.

values quoted in the literature.48 This discrep- It is easily seen that the form of the a; line, and
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particularly the width of its base and the fall-off

on the high-energy side differ from the forms of
the groups a, and a5, which have almost the same
intensity. This gives grounds for assuming the oy
line to have a complex structure. The groups oy,
a4, and @y in Table I are the components of this
complex a line. Naturally, the intensities of these
groups cannot be determined with sufficient accu-

racy.
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B. Investigation of the electron and 7y spectra.

Table II. Interpretation of electron lines produced
in the decay of Pa?!

Number | Observed
of elec- electron Conversion shell Transition | Intensity of conversion
tron line | energy, kev energy, kev lines (relative units)
3 5.9 M ~11.0 70. Ly (25)4+M(11)
11 11.5 M, 16.5 130
14 151 M 16.3 40
average 16.4
2 3.8 Ly 19.6 ~10
1 2 Ly 22.7 ~25
10 2.7 Ly 22.7 ~25
4 6.9 Ly 22.7 ~25
average 22,7
3 5,6 L 25.4 70 Li(25)+M(11)
19 20,2 M, 25,2 25
20 20.8 My 25.4 2
21 21,5 My 25.4 1
average 25.4
6 8.1 Ly 21.2
10 10.8 Liy 26,7
15 21.9 M; 26.9
23.0 My 26.9
average 27,0
5 7.6 L; 27.4 70
7 8.4 Ly 21.5 100
12 11.5 Ly 27.4 120
23 22.4 M, 27.4 30
24 22,7 My 27.3 15
26 23.4 My 21.3 30
27 24.0 My v 21.3 5
30 26.2 N 27.4 16
31 27.2 o 21.4
average 21,4
8 9.5 L, 29.5 90
9 10.2 Ly 29.3 90
13a 13.7 Ly 29.5 ~40
28 24,2 M g 29.8 ~35
29 25.2 My 29,2 ~35
32 28.5 N 29.7
average 29.4 .
13 141 L, 341 ~100
33 29.0 M, 34.0
average 34.0

These spectra were studied in several investiga-
tions, but not the low-energy region of the electron
spectrum of Ac?*’. Using very thin organic films
for the window of the Geiger-counter (the electron
indicator in the B spectrometer), we could study
the electron spectrum, starting with low energies
(1.5—2.0 kev).
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Table II (continued)

Number | Observed
of elec- | electron Conversion shell Transition | Intensity of conversion
tron line | energy, kev energy, kev lines (relative units)
17 18.4 L 38,2 60
18 19.1 Ly 38.2 15
23 22.4 Ly 38.2 ~15
35 33.0 M, 38,0
36 33.3 My 38.1 EM=30
37 33.6 My, 38.0
38 36.8 Nig ~38.0
39 37.1 Ny ~38.0 ZN=16
40 37.5 0 ~38.0
average 38.2
4 37.9 Ly 57.0 26
43 4.2 Ly 57.1 23
47 52.4 My 57,0 SM=14
48 56.2 N, 0 ~57.0
average 57.0
44 43.4 L 63.2 3
45 44,2 Ly 63.3 22
46 41.5 Ly 63.5 21
51 58.4 My 63.4 }
52 59,0 My, ~63.1 2M=12
average 63.3
55 71.0 Ly ~96.0
57 80.0 Ly 96.0
average 96.0
56 78.0 Ly 97.1 5,5
58 81,2 Ly 97.0 4
62 92,0 M 97.0 IM=3
(3 9.0 N, O ~97
average 97,0
59 83.6 Ly 102.7
60 86.6 Ly 102.5 1.5
64 98.1 M 102,7
€5 101.2 N, O 102.5
average 102,5
19 ' 20.0 I K l 126.8 |
66 107.1 L 126.8
average 126.8
67 I 153.8 l K l 260.5 l
75 240.0 L 260.5
average 260.5
68 178.3 K 285.0 1
77 ‘ 265.2 l L ‘ 285.1 ‘ ~0,2
79 280 M ~285.0
average 285,0
Table II shows the calculated energies of the represent the number of pulses per channel of the
conversion electrons, the intensities, and the pulse-height analyzer, while the abscissas repre-
values of the y-transition energies. The data of sent the energies of the x rays and y rays.
Table II show that the observed conversion lines The experimental data obtained in the investi-
are due to at least twenty 7y transitions in the gation of the eg and y spectra of Ac?" made it
Ac?” nucleus. possible to determine the multipolarity class for
Figure 2 shows the apparatus spectra of the twelve v transitions in this nucleus (see Table III).

x-ray and vy radiation of Ac??’. The ordinates
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Table II (continued)

Number Observed
Sonline | enrgy kev|  Comversionshell | L | I e iative ey
71 193,5 K 300 12.5
80 279.3 L 300 2.8
81 295.1 M 300 0.6
average 300
72 196.0 | K | 303 |
average 303
4% 223.2 K 330 5.0
83 310 ! L I 330 ‘ 1.3
325 M 330 ~0.3
average 330
76 248.7 | K | 35,5 | 0.4
average 354.5
78 274 | K | 380 |
average 380
Table III
Number | E., kev Multipolarity Re“,;";‘:;.“ga‘;f_‘:”' ,‘,:‘
1 11.0 11 Gy 1)
2 16,5 M1 ~20
3 19,6 ~ 2
4 22,7 ~ 2
5 25.4 M1 11 (1. 1s)
6 27.0 < 2
7 27.4 Et ~50
29. M1
583 3% .g M1+E2 } 40 Z(rere)
10 38.2 E14+M2? ~15
1 .
1; :;'g g 13 2711, T1a)
13 96.0 E2? weak
14 97.1 ~1.5
15 102,5 E2 ~0.5
16 126,8 weak
17 260.5 weak
18 285 weak
19 300 M2 2.2
20 303 weak
21 330 M2 1
22 354 weak
23 ~380 . weak

227

FIG. 2. X-ray and soft y-ray spectrum of Ac*¥,
obtained with the aid of a proportional counter:
a) counter filled with mixture of Kr and CH,,
b) counter filled with mixture of Xe and CH,,
c) x-ray and y-ray spectrum of Ac*”, obtained with
scintillation spectrometer.
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With the aid of a calibrated proportional
counter it was also established that the y-ray
yield of 27.4-kev ¥ rays is (10 + 2)% of the total
a decay. This is in good agreement with the value
given in &l

Taking account of this result and of the data
Tables II and III, we calculated the intensities of
the strongest y transitions between the levels,
referred to the total number of o decays. The re-
sults of the calculations are listed in the last
column of Table III.

4. LEVEL SCHEME OF Ac?%

An analysis of all the experimental data ob-
tained indicates that the level scheme of Ac2¥

contains at least 4—5 rotational bands. (see Fig. 3).

The most clearly distinguishable is the rotational
band located in the upper part of the scheme, in
the energy interval 327—501 kev. Actually, as can
be seen from Table I, the smallest hindrance co-

efficient is possessed by the group ay. This
favored transition is to a single-particle level with
energy ~ 327 kev, which should have the same
characteristics as the ground state of the decaying
nucleus %—Y, [530]* (seet'®¥). In view of their
hindrance coefficients, the ay,, o4y, and ay
transitions can go to the next levels of this rota-
tional band (Ujgy, = 352, 385, 434 kev).** The ex-
perimentally obtained ratio of the reduced intensi-

*The quantum numbers IzK[Nn;A], which characterize the
state of the deformed nucleus, are defined as follows:
I — spin, » — parity, K — projection of spin on the symmetry
axis of the nucleus, Nn;A — asymptotic quantum numbers in-
troduced by Nilssoen, N — principal quantum number of the
oscillator, n; — quantum number. of the oscillations along the
symmetry axis, A — projection of orbital angular momentum on
the symmetry axis of the nucleus.

**It must be noted that, like the rotational band of Pa?*!,
which belongs to the ground state, the spin sequence should
apparently be reversed here; too (‘‘inverted doublets”?), i.e.,
% WU, Y ete.
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ties of these « transitions to the levels 327, 352,
385 and 434 kev is 100: 17.1, 44.8: 6.8, which is in
good agreement with the theoretical estimate
for the intensity of the transitions to the levels
with characteristics I="%, %, %, and %, namely
100, 17.2, 44.4, and 7.4. Nor is assignment of the
501-kev level to this rotational band excluded
(1=1%).

The most reliably established levels in this
band are 327, 352, and 385 kev. Taking into con-
sideration the spins and spacings of these levels,
we obtained 11%2J = 7.5 kev and a = —2.1. Thus,
the moment of inertia in this case differs insig-
nificantly from the moments of inertia of the
neighboring even-even nuclei.

An analysis of the lower part of the level
scheme, located in the narrow energy interval
0—100 kev, shows that it is very difficult to iden-
tify these levels from the point of view of the
existing theories. In this narrow interval are con-
centrated almost half the observed levels, and it
is therefore natural to assume that several rota-
tional bands are present here. Although some of
these levels belong to different rotational bands,
they probably have identical spins and parities.
This results in an ‘‘interaction between levels”,[“]
which leads to violation of O. Bohr’s known inter-
val rule for rotational bands and can distort the
expected distribution of the intensities of the «
transitions [ to levels of the same band. Conse-
quently, a reliable interpretation of these levels
cannot be made without taking these singularities
into account. However, allowing a certain leeway,
we can draw the following rough conclusions from
the experimental facts. The ground state of Ac?¥
is %* [651]. The rotational band of this state ap-
parently contains the levels 0 kev (%,*), 34 kev
/"), and 84 kev ("4*).

The level with energy ~ 34 kev must be intro-
duced to conserve the balance of the intensities in
the proposed scheme, and is also due to the prob-
able existence of the @y group in the a-particle
spectrum of Pa®l,

The 27.4-kev level, the existence of which is
not subject to doubt according to our data (see
Tables I and III), has also been proposed by others
(see®)), Apparently an orbit %~ [532] must be
ascribed to it. It is possible that the next term in
this new rotational band is the 73-kev level.

Nor is it excluded, finally, that the levels with
energy 29 and 46 kev are terms of a different ro-
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tational band, the start of which is the hole level
(from the point of view of the Nilsson diagram)
with characteristics %,* [660] and an energy 29.4
kev.

We shall not stop to explain the other levels of
the scheme, since their interpretation cannot be
made unambiguous as yet.

In conclusion we thank S. N. Belen’kii, A. A.
Arutyunov, K. I. Merkulova, Yu. N. Dmitriev, and
G. V. Shishkin for help with the measurements.
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