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Energy Levels of Np"7 Populated by the Beta Decay of U"'

J. O. RAsMUssKNy F L CANAvANt AND J M HoLLANDER
Radiation Laboratory and Department of Chemistry, University of California, Berkeley, California

(Received March 18, 1957)

A spectroscopic investigation has been made of the radiations from U"~ with magnetic 180' spectrographs
and a double-focusing spectrometer, and with scintillation and coincidence spectrometers. Energy levels
are identi6ed at 0, 33.20, 59.57, 103.0, 267.5, 332.3, 368.5, and 370.9 kev, and spin and parity assignments
are given for all the levels from the gamma-ray multipolarity and beta-decay information. Conversion-
coefhcient information is presented, and an anomaly in the electric-dipole conversion coe%cients is discussed.
A new rotational band with %= 1/2 is postulated, with base state at 332.3 kev.

Correlations of the data with various aspects of the Bohr-Mottelson nuclear model are made, in the
following categories: (1) energy-level spacings and moments of inertia; (2) gamma-ray relative intensities
and the X-selection rules and branching-ratio rules; (3) correlations of spins and parities with the Nilsson
numbers (tV,n„A) of these states; (4) correlation of beta and gamma lifetimes with selection rules in the
asymptotic quantum numbers.

INTRODUCTION The study of U"' by Wagner et al." has indicated
that the beta decay of this nuclide populates primarily
an excited state of Np"' at 269 kev; their results have
been con6rmed and extended by the recent work on
U"' by Baranov and Shlyagin" in which multipolarity
information about several of the gamma rays is pre-
sented. The present study had as its objectives a more
precise measurement of the energies of the U"' gamma
rays and the determination of the multipolarities,
intensities, and coincidences of the gamma rays so that
the previous comparisons"' of the properties of Np"'
with predictions of current nuclear models could be
extended to include the higher excited states. As a
result of our studies several modifications of the earlier
decay schemes seem necessary.

Subsequent to the first writing of the present paper
there has come to our attention the detailed beta
spectroscopic and coincidence study of U"' by Bunker,
Mize, and Starner. "We have not attempted to obtain
and compare in detail their results except for the
summary information appearing in an abstract. "Their
measurement of the lifetime of the 262.5-kev level as
5.4&0.5X10 ' sec is a most important piece of new
information. The chief similarities and differences in
the recent studies will be made clear by the comparison
of reported gamma transition energies in Table II.

l
'HE energy levels of Np"' are signi6cant from the

point of view of the Bohr-Mottelson nuclear
model for spheroidal nuclei because of the appearance
of two rotational bands near the ground state with
quite different moments of inertia and magnetic mo-
ments. ' Studies of these states populated by alpha decay
of Am'4' have been carried out by several investi-
gators, ' ' and a review of their properties has been
given by Perlman and Rasmussen' in their paper on
alpha decay.

It has been demonstrated that such properties as
moments of inertia and magnetic moments can be
affected by the presence of higher-lying states of similar
configuration. ' "Hence, in order to form a more com-

plete picture of the energy levels of Np23', it is of
interest to examine the higher excited states of Np"'
which are populated by the beta-decay of U"', states
which are only very weakly excited by the alpha decay
of Am"' and not at all by the electron-capture decay
of Pu"' because of its low disintegration energy. ""

*Present address: Physics Department, Fordham University,
New York, New York.

'Hollander, Smith, and Rasmussen, Phys. Rev. 102, 1372
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PREPARATION OF SAMPLES

The U"7 samples were prepared by one-day irradi-
ations of approximately 100-microgram amounts of U"'
in the Materials Testing Reactor at Arco, Idaho at a
flux of 2&&10r4 neutrons/cm' second.

The following chemical purihcation of the uranium
was carried out: The target material was dissolved in

"Wagner, Freedman, Kngelkemeir, and Huizenga, Phys. Rev.
89, 502 (1953)."S.A. Baranov and K. N. Shlyagin, J. Exptl. Theoret. Phys.
30, 225 (1956) /translation: Soviet Phys. JETP 3, 200 (1956)j.' J. O. Rasmussen, Arkiv Fysik 7, 185 (1953).

~7 M. E. Bunker (private communication, January, 1957).
"Bunker, Mize, and Starner, Bull. Am. Phys. Soc. Ser. II, 2,

104 (1957), and verbal report.
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TABLE I. Conversion electron data for U"'.'

Electron
energy
(kev)b

20.64
21.05

21.94
22.44
24.86
25.02
25.28
26.11

Sh elle

3/Iz

Mrz

Mrrr
i' zv

Ar
&rrr
0

Transition
energy
(kev)

26.38
26.4

26.36
26.29
26.36
26.34
26.36

Visual intensity estimate'
Instrument~ PM I PM II PM III

quoted (plate 264) (plate 272) (plate 279)

Vw
VW

W
wrrl
W
Vvw

Intensity
(densi-

tometer)

Intensity
(double-

focusing) Remarks

Composite with 43.5 Lz
line
Not well resolved from
43.5 Lrr line

E»z slightly less intense
than XI

E~ =26.35 kev
10.81
11.65
15.64
27.45
Z7.84
Z$.77
29.39
31;70
31.87
32.11
32.89
33.18

21.05
Z1.87
ZS.S5

39.00

37.16
37.98'
41.96
53.h'3

54.Z1
55.14
55.70
55.89
5$.07
58.23
58.47
58.80
59.30
59.56

42.41
43.17
47.25

~ ~ ~

~ ~ ~

60.46
63.72

91.51
92.36
96.29

Lz
Lzr
LIII
3j/I
Mrr
M'rrr
&IV
Ez
&rr
+III
0
P

Lz
Lzr
Lrzr
M'I

3frr
M'rrr
N
0
Lr
Lrr
Lzrr
Mr
Mrr
Mrrz
&IV
M'v

Er
Erz
&rrr
%V+V
0
P

Lr
Lrr
Lrrr
Mr
Mrr
M'rrr
E
Lr

LIII

33.22
33.24
33.25
33.19
33.20
33,20
33.16
33.20
33.19
33.19

43.46
43.46
43.46

~ ~ ~

~ ~ ~

43.43
~ ~ ~

~ ~ ~

59.57
59.57
59.57
59.57
59.57
59.57
59.55
59.55
59.57
59.55
59.55
59.57

~59.6
~59,6

64.82
64.76
64.86

~ ~ ~

64,89
65.0

113.92
113.95
113.90

I
I
I
I
I
I
I
I

W
VVW
w broad
ms

VVW
m
Vw
Vw
w broad
VVW?

m
m
m

wm

VVS
VVS
Vs
vs
Vs
s
W

W
ms
ms
W

W
m broad
W

w broad
w broad

VW

VVW?

Vvw
VVW

VVW

1370
695

435 315
250 (est.)

'

520135,~ 660

-75(est.)
150(est.) 144
50 (est.)

25(est.)
25(est.)
25(est. )

Probably unresolved
doublet

E~ =33.20 kev
Composite with 26.4
M'rr line

Obscured by 59.6 Lzz line
Obscured by 59.6 Lrr
line
Eand 0 lines unresolved
from 64.9 Lr and Lrz
lines
E~=43.46 kev

E~=59.57 kev
Lz and Lrz lines contain
E and 0 lines of 43.5y,
but intensity is mostly
due to 64.87
Obscured by 0 and P
lines of 59.6y

E~=64.8 kev

142.2
143.0
146.9
159.2
160.1
163.3
164.4

Lr
Lrz
LIII
Mzz
M'r»
&rr+rrr
0

45.97 E 164.6

164.6
164.6
164.5
164.6
164.5
164.4

II
II
II
II
II
II
II

W111

s
ms

wm
w broad
vw broad

40—50(est, )

15.5
140
69
34
21

&5
&16
130

39
33

E~= 113.9 kev

89.3
185.6
186.4
190.2

E
Lr
Lrr
Lrrr

207.9
208.0
208.0
207.8

II
II
II
Ir

VVVS
VVS
m
VW

4600
1000
130

8.1

6790

1130
6.0

E~= 164.6 kev

Permanent-magnet and
double-focusing intensi-
ties normalized here.
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TABLE I.—Continled.

Electron
energy
(kev) b

202.1
202.6
203.3
206.4
207.7

115.6
211.8

Shello

Mr
Mrz
MIII
Nr
0
E
LI

Transition
energy
(kev)

207.8
208.0
207.7
207.9
208.0

234.2
234.2

Instrumentd
quoted

II
II
II
II
II

Visual intensity estimate&
PM I PM II PM III

(plate 264) (plate 272) (plate 279)

s
VW
VVVWP
m
m

W
Vvw

Intensity
(densi-

tometer)

225

75

12

Intensity
(double-

focusing)

193

62

Remarks

E&=207.9 kev

148.8
245.1
245.7

~ ~ ~

261.8
266.0
267.3

213.5
309.9
310.7
314.8

327.0
330.8

216.7
312.8
329.2

249.9
346.3

252.3
348.5

E
Lz
Lrr
Lrrr
Mr
N
0
E
Lr
Lrr
Lrrr

Mrz
Nzr

E
Lr
Mz

E
Lz

E
Lr

267.4
267.5
267.3

~ ~ ~

267.5
267.5
267.6

332.2
332.3
332.3
332.4

332.4
332.1

335.3
335.2
334.9

368.5
368.7

370.9
370.9

II
II III
III
III
III
III
III

II, III
III
III
III

m
VW

VW

s
VW

IQ
W
VVW

ms
w(?)
m

wm
Vw

ms
W

VVWP

wm
Vw

50
17

6.5

49

3.2

3.7

2.2

25

11

7.0

E~=234.2 kev

Lzzz line masked by
368.5y E line

E& ——267.5 kev

E&=332.3 kev

E~=335.3 kev

E~=368.5 kev

E~=370.9 kev

a Unassigned lines

B(kev)
9.99

22.67
139.6
200.5
228.5

Int.
vvw
w broad
VVW
VW
Vw

Instr.
I
I
II
III
III

b Electron energies in italics are those lines used as internal standards.
The corresponding gamma-ray energies were measured by P. P. Day,
Phys. Rev. 97, 689 (1955).

Electron binding energies have been taken from the compilation of
Hill, Church, and Mihelich, Rev. Sci. Instr. 23, 523 (1952).

d PM I =50 gauss, PM II =100 gauss, PM III =215 gauss.
e s =strong, m =moderate, w =weak, v =very ~ ~ ~ . These estimates are

relative only for measurements made in the same spectrograph.

6' HCl containing a small amount of nitric acid. A
separation of uranium from neptunium was then
effected by passing the solution through a Dowex A-1
anion-exchange column; under these conditions nep-
tunium is adsorbed by the resin while uranium is not.
Further purification and concentration of the uranium
was done by extraction into di-ethyl ether from am-
monium nitrate solution followed by back extraction
into water. This solution was evaporated to dryness,
taken up in 0.5 ml of slightly-acidified ammonium
oxalate solution (40 g/1), and then the uranium was
electrodeposited upon a 10-mil platinum wire which
served as the beta-spectrograph source. Sources for
the other measurements were prepared similarly.

The decay of part of one of these sources was fol-
lowed with a Geiger-Muller counter for six half-lives
and showed no deviation from the accepted 6.8-day
half-life. "

ELECTRON SPECTROSCOPY

Measurements were made with the following instru-
ments:

is J. R. Huizenga and K. F. Flynn (unpublished results, 1953).

1. The Berkeley permanent-magnet electron spectro-
graphs were used to study the conversion-electron
spectrum of U"'. These are 180' photographic-recording
instruments which operate at a momentum resolution
of 0.1/o. Three spectrographs were used, of nominal
field strengths 50, 100, and 215 gauss. The electrons
are recorded on 25p, Eastman ¹Screen X-Ray emul-
sion on glass backing of dimensions 3/4X 15X0.04 inch.
Their calibration and operation have been described
by Smith and Hollander. "

2. The Berkeley double-focusing spectrometer was
used primarily to study the beta continuum and to
provide additional information about the conversion-
electron spectrum, especially with regard to intensities
of conversion lines. This instrument, originally built
and described by O'Kelley, "has recently been improved
by the installation of new acceptance and Geiger counter
slits so that it presently operates at 0.3% resolution
and 0.1%%u~ transmission. These modifications were
carried out largely by Dr. S. Thulin.

» ~.G. Smith and J.M. Hollander, Phys. Rev. 101,746 (1956)
"G. D. 0 Kelley, University of California Radiation Labora-

tory Report UCRL-1243, June, 1951 (unpublished).
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Present
work

26.35
33.20
43.46
59.57
64.8

~ ~ ~

113.9
~ ~ ~

164.6
~ ~ ~

207.9
234.2
267.5
332.3
335.3
368.5
370.9

~ ~ ~

Baranov and
Shlya gina

26.4
33.3
43.5
59.7

~ ~ ~

69(?)
~101(?)

~ ~ ~

-124(r}
165.4

-193(~}
208.2

~ ~ ~

26'7.5
331.5

~ ~ ~

369.5
~436

Bunker, Mize,
and Starnerb

26.3
33.2
43.4
59.6

~ ~ ~

164.3
~ ~ ~

207.7
234.1
267.3
332.1
335.2
368.4
370.7

~ ~ ~

a See reference 15.
b See reference 18.

TAnLE H. Transition energies (kev) reported from recent
electron-spectroscopic studies of U'". Relative intensities of lines recorded in the perma-

nent-magnet spectrographs were measured by the
densitometer method of Mladjenovic and Slatis, " in
which the intensity is given by I=Ap/rl, where A
=—height of line&(half-width, p=—radius of curvature,
and g—=energy eKciency of emulsion.

Conversion-electron intensities from spectra obtained
with the double-focusing spectrometer were measured
by integrating the areas under conversion-line peaks
with a planimeter and dividing by the Hp value of the
line. Although the large number of conversion lines
obscures considerable portions of the beta continuum,
a reconstruction of the spectrum made from the Fermi
plot allowed the contribution of the continuum to be
subtracted out from the total observed spectrum to
obtain tl)e contribution of the conversion lines.

Table II gives a comparison of some of the gamma
transition energies reported in recent electron-spectro-
scopic studies of U23'.

Table III gives a comparison of some of the relative
electron intensities observed in this work with those
reported by Wagner et al." and by Baranov and

In Table I we have summarized the -conversion-
electron data. Except for the column labeled Intensity
(double foe'using), a-ll the data presented in this table
were obtained with the permanent-magnet spectro-
graphs. The absolute error of the energy values is
estimated to be less than 0.2%, and for those electron
lines in the vicinity of the internal standard lines the
error should be less than 0.1%.

Transition

K—LILr
E—LII rr
E—LrLIrr
E—Lrrr Lrr
E—LIIILrrr
E'—LIMr

Eexp.
(kev)

73.42
74.25
78.21
78.95
82.99

Etheor. '
73.41
74.24
78.26
79.04
83.06
90.5

Visual intensity estimate

ms
wm
m
wm

~ ~ masked by 207.9y E line

TABLE IV. Auger lines from U"' decay.

TABLE III. Comparison of some relative intensity measurements
in decay of U"' normalized to Lz+Lz&(208) =1130. I. Bergstrom and R. D. Hill, Arkiv Fysik 8, 2, 21 (1954).

164

208

267

368
370

P Groups

248
82

(450)

Lr
Lrr
Lrrr
M
N
E
Lr
Lrr
Lrrr
M
E
Lr

Lrrr
M
1V

E
Lr
~r
E'
E'

Conversion lines
Ey Shell

Wagner
et al.

1540

514

~ ~ ~

)2S&
~ ~ ~

31
5449

1130
~ ~ ~

308

~ ~ ~

23
7

10 280
&3055

&10

Baranov
and

Shlya gin

2130

352
652
276

~ ~ ~

)13K
83

4400

1130

251
95

12 550
4400

none

Double-
focusing

spectrometer

2060

315
660
144

5 to 16

)180
39
33

6790

1130

6.0
193
62
25
11
7.0
2.0
2.0

15 000
&1200
&210

Perma-
nent-

magnet
spectro
graph

695
1370
435
655

~ ~ ~

40—50
15.5

140
69
56

4600
1000
130

8.1
225

75
50
17
6.5
2.2
4.1

Shlyagin. " The intensities of all determinations are
normalized to 1130 total intensity for Lz plus Lzz lines
of the 208-kev transition. The agreement among the
various determinations is only moderate and probably
gives a realistic measure of the absolute accuracy of
the intensities. For the later sections of this paper where
electron intensities are needed we use an average of our
double-focusing and 180' permanent-magnet intensities,
with subshell ratios as measured in the permanent-
magnet spectrographs.

Out of a total of 93 lines observed in the 180' spectro-
graphs, all but Gve have been assigned to 14 gamma rays
and the E-Auger lines. The Auger line energies and
intensities are given in Table IV.

A Fermi plot of the beta continuum, obtained with
the double-focusing spectrometer, yielded an end point
of 248 kev, in good agreement with the result of
Wagner et al. ,

'4 245 kev, and that of Baranov and
Shlyagin, "249 kev.

A search was made for a spectrum of about 450 kev,
corresponding to decay to the 60-kev level; such a
group was not found and an upper limit on its abun-

"M. Mladjenovic and H. Slatis, Arkiv I'ysik 8, 65 (1954}.
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dance per disintegration was set at 1%.Wagner et al.i4

set a much lower limit, (0.1%, in searching for a
511-kev beta group, a limit which should apply to the
possible 450-kev group as well.

Wagner et al." cite evidence for a lower energy
component in the beta spectrum with abundance
between 5 and 20%. Baranov and Shlyagin" interpret
an excess of electrons in the low-energy portion of the
Fermi plot as due to an 86-kev spectrum occurring in
26% abundance. The latter results are inconsistent
with the present observations, which indicate that the
low-energy beta components have a total intensity of
around 4%. Our figure is based not a subtracted beta
spectrum but rather on a total intensity for all gamma
rays which originate from levels higher than the heavily
populated 267.5-kev level.

GAMMA-RAY SPECTROSCOPY

Gamma-ray spectroscopic measurements were carried
out with a-scintillation spectrometer employing a 1-, in.
diameter by 1 in. thick. sodium iodide (thallium-
activated) crystal with a Dumont 6292 photomultiplier
tube, an Oak Ridge-type double-diGerentiating linear
amplifier, and a Penco 100-channel pulse-height ana-
lyzer. The Penco analyzer utilizes pulse-height-to-time
conversion and a magnetic-core memory-storage unit;
the analyzer channels have extremely uniform window
widths. This equipment yielded 8.5% energy resolution
on the 662-kev gamma ray of Cs"'.

Gamma rays of energies 60, 102 (E x-rays), 163, 208,
266, and 332 kev were clearly present, and by careful

study of the spectrum transmitted through lead ab-
sorbers of thicknesses up to 8 g/cm' the existence of
radiation of about 365-kev energy was shown. Of these,
the 266- and 365-kev photons have not been reported
previously from scintillation spectroscopy.

Table V lists the measured photon energies, the more
precise corresponding transition energies as determined
from the electron spectra, and the photon intensities of
Wagner et al." and of the present work. All photon
intensities have been normalized to an absolute in-
tensity of 38 photons per 100 disintegrations for the
60-kev transition. This figure is based upon the absolute
abundance of this gamma ray in Am"' decay, 37 photons
per 100 disintegrations, measured by Magnusson. "
There are two corrections applying to the normalization
for U23~. One of these results from the fact that approxi-
mately 4% of the U"' disintegrations (our result)
bypass the 59.6-kev state, whereas virtually all (99.3%)
of the Am'4' disintegrations pass through it. The other
correction arises because about 6% of the 60-kev photon
peak in U"' decay consists of another gamma 'ray
(64.9 kev).

COINCIDENCE STUDIES

Gamma-gamma coincidence measurements were car-
ried out by Dr. F. Asaro with apparatus employing two

+ L. B.Magnusson (private communication, March, 1956).

TABLE V. Electromagnetic radiation of U"' from
scintillation spectra.

Photons/100 beta
Measured photon Transition energies disintegrationsb

energy (kev) from electron spectra Wagner et al. This work

60
102~
163
208

~266
332

~365

59.57
(64.8)

~ ~ ~

164.6
207.9
267.4
332.3
335.3
368.5
370.9

54
~ ~ ~

22

2.7

38'
55
3.6

24
0.86

1.57'

a K x-rays.
b Relative intensities normalized to 0.38- f59.6-kev+64. 8-kev} photons

per disintegration.
e From coincidence work, discussed later, it can be determined that the

intensity ratio of 59.6- to 64.8-kev photons is 16:1.
d From coincidence work, discussed later, it can be determined that the

intensity ratio of 332.3- to 335.3-kev photons is 7.3:1.

1 in. thick by 1-, in. diameter sodium iodide crystal
detectors with Dumont 6292 photomultiplier tubes.
Pulse-amplitude discrimination was made in the "gate"
channel by a single-channel pulse-height analyzer, and
the coincidence spectrum from the other channel was
displayed on a 50-channel pulse-height analyzer. The
coincidence apparatus was operated at a resolving time
(2r) of 3&&10 ' sec.

The principal results are summarized in Table VI.
These coincidence results are fully consistent with and
have helped to establish the decay scheme of Fig. 1.
In attempting to interpret the changes in relative
gamma intensities between coincidence and "singles"
spectra, one should note that the observed photon peaks
in two cases are composed of two unresolved gamma
rays. The fact that the coincidence measurements with
photon gate labeled 60 kev include both the 59.6-kev
and 64.9-kev E1 gammas explains the presence of weak
(60-kev) coincidences with the 267.4-kev gamma. In
the "singles" spectrum the peak at 332 kev is com-
posed of 332.3- and 335.3-kev photons. The coincidence
measurements with I. x-ray gating can be interpreted
as showing that the more abundant of these gamma rays
(the 332.3-kev) proceeds directly to ground; the fact

TABLE VI. Results of gamma-gamma coincidence measurements.

Photon "gate"
(kev)

L x-rays

60

Coincident gamma rays
(kev)

X x-ray
163
208
332b

X x-ray
163
208
266b

a The coincident gamma spectrum was not examined at energies much
below the K x-ray energy. One would, of course, expect that there would
be coincidences between L x-rays and 60-kev gammas, but these were not
looked for.

b Intensity of each of these gammas relative to the 208 in the coincidence
spectrum is much less than in the "singles" spectrum.
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li
rp

&.5e '4

(~i 6,3,l tg+) ),
l

i cD

1

p
l

L 4'

0%+—
0$+

'ig, 0,0—8Fg+

370.9
3615

332.3

II IIIII
kev radiation is in coincidence with I.x-rays (or 60-kev
gammas). Numerically the limit is such that no more
than 20% of 370-kev photons observed in the
"singles" gamma spectrum could be in coincidence
with I.x-rays. This result mill later be used to support
the proposal for levels at 368.5 kev and 370.9 kev.

1
I
1
1
I
1
1
1
'1

1

I

1
1

%,5, 2,l —0Q-

—8$-

—8$-

267.5
SC an SAl CO
CS Cj Ct

225

+RXS
aA CC CS
tv) CO t
fV) & lA

l58. 5

—Bt)-
Qm ~

~ 4J—As7r+=-—5h, 5,2,3—8%-

—. Aqi ~
Lrl r4 LuLaJ 0~+~~
tvS ~ CI$ +O—sh, 6,4, 2 —Ag+

l03.0

76.4

5%57

H20

cx

FIG. 1. Energy-level scheme of Np ', arith decay
patterns of U"' and Am"'.

that no 332-kev peak is seen in coincidence with
60-kev photons further indicates that the gamma (in
the composite 332-kev peak) which does not go to
ground probably goes to the 33.2-kev erst excited state,
which in turn d.ecays to ground by a highly I.-converted
transition. The numerical factors by which these
relative coincidence intensities show reduction from
"singles" are as follows: In the "singles" spectrum (see
Table V) the 267-kev photons have 3.5% the in-
tensity of 208-kev photons, but in coincidence with

60-kev gammas the relative intensity of the 267 is
reduced by a factor of about 17, to 0.21%. In the
"singles" spectrum (Table V) the 332-kev photons
have 6.4% the intensity of 208-kev photons, but in
coincidence with I, x-rays the relative intensity is
reduced a factor of 7, to 0.90%

Our postulated decay scheme of Fig. 1 is not con-
sistent with the existence of coincidences between

210-kev and 165-kev photons as reported by
Wagner et al'."In the work of Dr. Asaro reported here
a careful search for such coincidences was made, with
negative results. Indeed, Asaro has set the limit that
coincidences of any 165-kev photons with the 208-kev
are less than 0.1% the coincidence intensity of 208-kev
with 60-kev photons. In a coincidence arrangement in
which the two NaI(TI) detector crystals view the
sample at a 90' angle and there is lead shielding
between the detectors no 208—165 coincidences are
seen, although without shielding between the detectors
a spurious coincidence peak similar to that reported by
Wagner et al. appears. The spurious events probably
arise from Compton scattering of 332-kev photons
from one detector to the other.

A further result of the coincidence measurements
here is the observation that little or none of the 370-

CONSTRUCTION OF LEVEL SCHEME

Energy levels of Np23~ at 33.2 kev, 59.6 kev, and
103.0 kev are mell known from Am'4' alpha-decay
studies' '; these levels are also populated heavily by
U"' beta decay. However, the next higher level arising
from Am'4' alpha decay, the 158.5-kev state, is not
detectably populated in U" decay, as evidenced by the
failure to observe the transitions of 99.0 and 55.6 kev
which depopulate it. Also unobserved in the present
study is the 75.6-kev state which has been found by
Newton from Coulomb-excitation studies of Np" .

A state is well defined at 267.5&0.2 kev by the
observation of four transitions whose energies can be
summed with the accurately known energies of the
low-lying states in Np"~. These sums are:

164.6+103.0=267.6,

207.9+ 59.6=267.5,

234.2+ 33.2=267.4,

267.5+ 0 = 267.5.

The energy of this state had been given by Wagner
et al." as 269 kev and by Baranov and Shlyagin" as
268 kev. The 165-kev gamma had been observed by
both groups of investigators, but there had been some
uncertainty concerning its placement in the scheme;
this uncertainty is removed by the precision of the
present energy measurements and by the coincidence
measurements of the present work.

The next level observed from U23~ decay lies at 332.3
kev. Two transitions which de-excite this level are found
in the electron spectrum; their measured energies are
64.9 kev and 332.3 kev. The corresponding photons
could not be seen unambiguously in the scintillation
spectrum; the 64.9-kev photon is unobservable because
of the presence of the much stronger 59.6-kev photon,
and the 332.3-kev gamma could not be resolved from
the 335.2-kev gamma known also to be present in the
same gamma-ray peak. Our multipolarity data, how-
ever, indicate that the 332.3-kev transition is E2 and
the 335.2-kev transition is M1; because of the similarity
in experimental E-electron intensities of the two
transitions and because of the smaller conversion
coefficients of E2 transitions, it seems reasonable to
conclude that most of the photons in the 332-kev peak
(Table V) are due to the 332.3-kev transition, hence,
the observation (mentioned in the section on coinci-
dence studies) that most of the 332-kev photons are
not in coincidence either with 60-kev radiation or with
I. x-rays may be interpreted as evidence that the
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332.3-kev transition proceeds directly to the ground
state, an interpretation which is supported by the
additional observation of coincidences between photons
of 60 kev and 270 kev. The sum of the measured
energies, 64.9 kev+267. 5 kev=332.4 kev, is also in

good agreement with the measured energy of the
crossover gamma ray, 332.3 kev.

Wagner ef, al. ,
14 from conversion-line data, proposed

gamma transitions of 334 and 370 kev in U"7 decay.
These transitions they postulated as arising from a
level at 431 kev. Baranov and Shlyagin" measured
these transitions as 330 and 369 kev, and also placed
their origin at a 433-kev level. In the present work,
the energies of these transitions have been measured as
335.3 and 368.5 kev; and the 33.2-kev diA'erence

between these values coincides with the energy of the
33.20-kev transition and strongly suggests that the
33.2 and 335.3 are cascade gamma rays, with the 368.5
as crossover. A new level would thus be dered as
368.5 kev. Some independent evidence for this state is
provided by the gamma-gamma coincidence result that
although most of the 335-kev radiation appears to go
to ground (the 332.3-kev transition, as discussed above),
a small fraction of these photons appears to be in
coincidence with I.x-rays but not with 60-kev radiation.
Hence the 335.3-kev transition probably goes to the
33.2-kev level. With this interpretation we may make
use of the relative-intensity information from coinci-
dence work to calculate that the 335-kev peak in the
"singles" gamma spectrum is composed of unresolved
332.3-kev and 335.3-kev peaks having relative intensi-
ties 88% and 12%%u~, respectively. No coincidences could
be found with 370-kev photons, which is additional
evidence that the 368.5-kev transition goes to ground.

We observe also a 370.9-kev transition. Because of
the absence of coincidences of 370-kev photons with

any other radiation, just discussed, it is also assumed
that the 370.9-kev photon goes to ground, thus de6ning
a new level at that energy.

Wagner et al."report coincidences between the 208-
kev photon and a photon of 165 kev, with the interpre-
tation that there is a level at 430 kev. The present
results do not con6rm this evidence, for two reasons.
First, we see in the electron spectrum only one gamma
ray of 165 kev, the 162.5-kev transition, which has
been unambiguously placed in the scheme ie parallel
with the 208-kev transition. Second, as mentioned in

the earlier section on coincidence measurements, Asaro
could 6nd no true coincidences between 208- and 165-
kev gammas and was able to set a low limit on their
possible existence.

The only gamma ray which we have not placed in
the above scheme is a very weak transition of 113.9 kev,
observed only in the electron spectrum.

Although we do not have the detailed evidence by
which Bunker et al."arrive at a level scheme, we wish

to mention that their postulated level system divers
from ours only in that they included a level at 335.9

TABLE VII. I and 3l subshell conversion ratios of
60-kev gamma ray in Np"'.

Subshell

I r:Lrr:Lrrr

Relative coeKcients

1.6:3.2:1.0
1.5:3.3:1.0
2.2:4.7:1.0

2.4:4.7:1.0
1.0:1.0; 1.0

Source

Am~41

Am24'

Am'

Theoretical
(screened
relativistic
point nucleus)

Reference

This work

HSRa

Baranov and
Shlyaginb

Canavane

Rosed

Mr: Mrr: Mrrr: Mrv+v 1.7:3.6:1.0:0.1 Amo~'

1.1:0.9:1.0:0.4 Theoretical
(unscreened,
relativistic
point nucleus)

HSR»

Rosee

a See reference 1.
b See reference 15.
e F. L. Canavan (unpublished results, 1956).
d See reference 26.
e M. E. Rose (privately circulated tables).

kev, whereas we assign the transition of that energy to
proceed from the 368.5-kev level to the 33.2-kev level.

s' F. S. Tomkins, Phys. Rev. 73, 1214 (1948l.
2' L. A. Sliv, privately circulated tables of relativistic, screened

X-conversion coeKcients for nuclei of 6nite size.
2' M. E. Rose, in Betu- und Gummu-Ruy Spectroscopy, edited by

K. Siegbahn {Interscience Publishers, Inc. , New York, 1955),
App. IV, p. 905, and privately circulated tables.

CONVERSION COEFFICIENTS, MULTIPOLARITIES,
AND SPINS

Groged state.—The spin of Np"' has been measured
as 5/2 by Tomkins. '4 We shaH assume even parity for
the ground state as postulated by HSR, ' but in this
section only the relative parities of the states will

actually be considered.
33.Z-kev s/ate. —The multipolarity of the 33.2-kev

gamma ray has been determined as mixed M1—E2 by
measurement of the I; and M-subshell conversion
ratios from Am"' decay'; the mixing ratio was reported
as M1/Z2 50. From the large corrections to the
magnetic-dipole K-conversion coeKcients occasioned

by the finite nuclear-size sects treated by Sliv," it
seems likely that the LI-subshell conversion coefhcients
will be similarly affected; the M1/E2 photon ratio
should accordingly be increased to 90. The present
data on U"7 are in agreement with but add nothing to
our present knowledge of this transition. The spin of
this state is 7/2+.

59.6-kev state.—The 59.6-kev electric dipole transi-
tion from this 5/2 state to ground has been studied
extensively from Am"' alpha decay; a discussion of
previous work is given in HSR.' The present studies of
U"' conhrm the fact, pointed out by HSR, that the
relative I= and 3f-subshell internal conversion coeK-
cients are in marked disagreement with the theoretical
values of Rose" for an E1 transition of 60 kev in 8=93.
Table VII sun'&arizes the experimental and theoretical
values. It is noted that the Sf'..Mzz. Mqz~ ratios follow
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closely the L ratios, and are correspondingly anomalous;
3f~~+~ conversion is weaker by a factor of four relative
to Mzzz than the theoretical value.

The 26.4-kev transition is known also to be electric
dipole from its position in the level scheme. ' ' ' Because
of the anomalous L-subshell ratios of the 59.6-kev
transition, it is of interest to examine the subshell
ratios of this transition. Our M-subshell ratios are
uncertain because of the accidental coincidence in
energy of the Mzz and Mzzz lines of the 26.4-kev gamma
with the Lz and Lzz lines of the 43.5-kev gamma.
However, the Xz, Szz, and Ezzz lines are completely
resolved; their intensity ratios are estimated visually
to be of the order Ez..Ezz. Szzz 1.7:3.3:1.0. The
theoretical L-subshell ratios of Rose" for this gamma
ray, are 0.56:1.1:1.0, and the theoretical 3f-subshell
ratios" are 0.6:0.8:1.0:0.47:0.55. Thus, also in this
case the subshell conversion ratios are somewhat at
variance with the theoretical values.

For calculation of the relative intensities of radiation
depopulating the 60-kev state, we choose to use in-
tensity data of other workers. Magnusson" has deter-
mined by scintillation spectroscopy that there are 0.37
photons of 60 kev per Am'4' alpha disintegration. From
alpha-ray spectroscopy it is known' that 99.3% of the
alpha disintegrations cascade through the 60-kev state.
From the electron-spectroscopic work of Baranov and
Shlyagin" on Am'4' we have taken the ratio of total
conversion lines of the 60-kev to the 33.2-kev transition.
The 33.2-kev transition is almost totally converted.

From the above information we calculate that the
depopulation of the 60-kev state occurs 84% by the
60-kev transition and 16% by the 26-kev, 33-kev
cascade. One can also calculate a total conversion
coefficient for the 60-kev transition of 1.3. Using
Magnusson's figure of 0.028 for the number of 26-kev
photons per alpha a total conversion cod6cient of
about 4.7 is calculated for that transition.

103.0-kev state.—The 43.4-kev gamma ray, which
de-excites this state, has been determined from Am"'
decay' to be an M1 E2 mixture, with M—1/E2 6. (We
estimate that the M1/E2 ratio will be increased to 11
when the sects of finite nuclear size correction are
taken in.to account. ) This gamma ray was also seen in
the present study of U"', but no new multipolarity
information has been obtained. The spin of this state
is thought' to the 7/2 —.

Z67.5-kev state.—Definite multipolarity assignments
can be made for the gamma rays which de-excite this
state. The 207.9-kev transition is shown definitely to
be magnetic dipole from the following information:

The L-subshell ratios, Lz. Lzz. Lzzz =7.7:1.0: 0.06,
are consistent only with an interpretation as predomi-
nantly Mi. For an Mi transition of this energy in
Z=93 the theoretical ratios of Rose" are Lz. Lzz. Lzzz
=10.4:1.0:0.03. A reduction of 26% in the Lz. Lzz—

s' M. E. Rose (privately circulated tables).

ratio from Rose's theoretical value is indicated by our
results. Perhaps the agreement between theory and
experiment will improve with the use of L-shell coeK-
cients which are corrected for the eRects of finite nuclear
size, since these corrections would be expected theo-
retically to lower principally the Lz conversion coeffi-
cient. However, Sokolowski et u/. " have found, in
contrast to this expectation, that the Lz/Izz ratio of
the 40-kev Mi transition in ThB is experimentally the
same as that calculated from Rose's point-nucleus
conversion coefficients. It. should also be noted that
this 208-kev 3fi transition from U"' decay is highly
retarded (factor of 10'), and conceivably the model-
dependent eRects on conversion coe%cients discussed
by Church and Weneser" might not be negligible.

The very low intensity of the Lzzz line of this transi-
tion shows that there is very little E2 admixture. From
the experimental value of the absolute Lzzz conversion
coefFicient from Table VIII and Rose's theoretical
values we estimate the E2/M1 photon mixing ratio as
0.005&0.005.

The absolute E-conversion coefficient of the 207.9-
kev gamma ray has been measured by Dr. D. Strom-
inger from the relative E x-ray and 207.9-kev gamma-
ray intensities in the U"' photon spectrum. The
calculation is facilitated by the fact that the E vacancies
are produced predominantly by conversion of this
gamma. Small corrections have been applied for E
vacancies arising from other transitions and for the
E-fluorescence yield. The experimental value, eir/y
=2.3, is in good agreement with the theoretical Mi
K-conversion coeilzcient of Sliv,"Pz ——2.4.

With the multipolartty of the 207.9-kev transition
definitely assigned, it becomes possible to use our
conversion-coeKcient information and the electron and
photon intensities to calculate conversion coefficients
of the other gamma rays. There are several alternative
ways to do this. One might use the measured (or
theoretical) E-conversion coefficien of the 207.9-kev
gamma as a means to normalize electron intensities
relative to photon intensities and thereby obtain con-
version coefficients of the other gamma rays. In the
present case, this method does not seem attractive
because there exists a wide discrepancy among the
various determinations of the E-line intensity of this
gamma ray (see Table III) relative to all other lines,
and hence any average we might select would be
arbitrary. Alternatively, one might utilize our measured
Lz-line intensity of this gamma (which we feel is more
reliable experimentally), and normalize this to the Rose
theoretical Lz-conversion coeKcient; this method is not
satisfactory either, because of the magnitude of the
finite-size correction expected for the magnetic-dipole
Lz coeKcients. A third method, which we have chosen
to use, is to assume that Rose's theoretical E/Lz ratio

28 Sokolowski, Edvarson, and Siegbahn, Nuclear Phys. 1, 160
(1956).

» E. L. church and J. Weneser, Phys. Rev. 104, 1382 (1956).
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TABLE VGI. Percentage intensities and experimental conversion coefBcients.

Transition
energy
(kev)

Conversion electron intensities
Lr Lrr Lrrr M

Photon
Total intensityd

Experimental conversion coefficients
X LI Lrr LIII

Multi-
polarity

Total
estimated
transition
intensity

26.35
33.20
43.46
59.57
64.8

113.9
164.6
207.9
234.2
267.5
332.3
335.3
368.5
370.9

~0.48
50-74
0.13
0.54
0.053
0.040
0.024
0.044

a
7.5

~0 27
a
0.16

10.8b
a
0.16

a

14.9
~0.27

a
1.27
1.41

0.035

a
a
a

8.5
a

0.08

a

4.7
~0.27

a
0.58 0.48
0.076 2.2'

38 3 36
1.1 2.3e

3.3 3.6 ~0.13
24 2.3g

0.80
~0.12

0.05
0.03

~0.06

0.86 0.63
1.4' 0.038
0.19' 0.2

&0.24
0+ 10 )0

0.21
0.12

0.04

0.19

0.41.
0.12

0.35
0.059

0.025

E1
Mi+E2
Mi+E2
E1
E1

15
15
7

81
3

0.16 E2 7
0.003 Mi 89

M2 . ~0.2
Ei+3f2 1.7
E2 1.5
Mi+E2 0.2
Mi ~0.05
M 1 0.10

& Electron line observed but no reliable numerical intensity available from the present work. See Table I for visual estimate.
b Electron intensities normalized to LI-conversion coefficient of 0.45, obtained from experimental K-conversion coefficient (2.3) and theoretical K/Lr

ratio (5.16) as explained in the text.
e M-subshell ratios may be found from Table I.
"Normalized to 36 60-kev photons per j.00 betas.
& The intensity of 64.8-kev photons is based on coincidence intensities and is subject to perhaps +30'$0 uncertainty.
f Total intensity of the unresolved 335-kev photon peak has been divided between 332.3- and 335.3-kev transitions in the ratio obtained from the coinci-

dence measurements.
g Experimental value, from scintillation spectrometry.

for an 3f1 transition will be unaltered by the 6nite
nuclear-size correction and apply this ratio to normalize
the Lz electron intensity, using our experimental
E-conversion coefficient of 2.3 and the value (Table V)
of 24 photons (208 kev) per 100 beta disintegrations.
The beta-spectroscopic work of Sokolowski et al.' on
ThB strongly supports the assumption that the E-to-Lz
conversion ratio for a pure 3f1 transition in a heavy
element is correctly given by Rose's point-nucleus
calculations. Interpolating in energy and atomic number
from Rose's tables one finds a theoretical E/Lz ratio
here of 5.16.

Table VIII is a summary of electron and gamma-ray
intensities; electron intensities are normalized to 10.8
Lz (208) electrons per 100 betas and gamma intensities
are normalized to 36 (59.6-kev) photon. s per 100 betas.
The reasons for the choices of normalization have
already been discussed. The electron intensities in
Table VIII in most cases are an average of our perma-
nent-magnet spectrograph intensities and our double-
focusing spectrometer intensities except that the sub-
shell ratios determined on the former instruments are
used to divide the average total intensity of L- and
M-shell conversion electrons.

The electron intensities are divided by the corre-
sponding photon intensities to give the absolute con-
version coeKcients listed in Table VIII. The 6gures for
total transition intensities, given in the last column of
Table VIII, are for the weaker transitions just the sums
of electron and photon intensities from this table. For
the 207.9-kev transition the intensity is based on the
requirement of intensity balance to and from the 60-kev
level. Information from studies on Am"', previously
discussed, was used to establish relative intensities of
the 26-kev and 33-kev transitions.

Multipolarities of the other gamma rays de-exciting
the 267.5-kev state can now be discussed. The 164.6-kev
gamma seems unambiguously to be electric quadrupole.
The experimental L- conversion ratios of this transition
are Lz. Lzz. Lzzz ——0.12:1.0:0.5; these values agree
closely with the Rose theoretical values" for an E2
transition which are Lz.Lzz. Lzzz ——0.11:1.0: 0.6. The
agreement of the experimental K-conversion coefKicient,
0;12—0.15, with the Sliv" theoretical value, 0.19, is
only fair, but probably is within experimental uncer-
tainty. The absolute values of experimental and theo-
retical Lz, Lzz, and Lzzz coeKcients for E2 fail to agree
by about a factor of two (experimental values too low).

The 234.2-kev transition is very weak, and the photon
could not be resolved in the scintillation spectrum.
Hence, we have no absolute conversion-coeKcient
information about it. From the level scheme, however,
it will be established that this transition must be an M2.
The observation of only one L-subshell line, the Lz,
is consistent with the 3f2 assignment.

From its position in the level scheme, the 267.5-kev
transition must be E1, 3E2, etc., because of the parity
change involved (see Fig. 1). The experimental IC

conversion coeflicient (0.63) is intermediate between
the Sliv value for E1 (0.040) and for M2 (3.6), indi-
cating a photon mixing ratio M2/81=0. 16. In like
manner, from a comparison of the experimental Lz
coefficient (0.19) with the Rose values for Z1 (0.006)
and M2 (1.2), we obtain a mixing ratio M2/E1 =0.15.
These two experimental values of the mixing ratio are
essentially equal. In view of the fact that anomalously

large L-conversion coeKcients for E1 transitions have
been observed from Am'" decay' and Th'" decay, ' our

'0 Asaro, Stephens, and Perlman (unpublished data, 1956).
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apparent photon ratio M2/E1 0.16 may be too high.
This matter will be further discussed in the later
section on comparisons with theory.

The small Lz conversion coefIzcient of the 164.6-kev
transition indicates very little, if any, M1 mixing in
this E2 transition. If one is permitted the assumption
that this transition is pure E2, then the respective M1
and E1 characters of the 207.9- and 267.5-kev transi-
tions allow a unique assignment of spin and parity
3/2 —to be made to the 267.5-kev state. If, on the other
hand, one must admit the possibility of a large retar-
dation of a hypothetical M1 component of the 164.6-kev
transition (so that only the E2 componen. t is observed)
then the 267.5-kev state can only be labeled 3/2, 5/2,
or 7/2 —.There is additional evidence, however, which
rules out the last two alternatives. This is the fact that
the 9/2 —state' at 158.5 kev is not populated in U"'
decay; were the spin of the 267.5-kev state 5/2 —(or
larger), there would be easily detectable E2 (or M1)
radiation to the 9/2 —state. Thus, it seems safe to
conclude that the spin of the 267.5-kev state is 3/2 —.

33Z.3-kev s/ate. —The next higher state is at 332.3 kev.
De-excitation takes place by a 332.3-kev transition to
ground and by a 64.8-kev transition to the 3/2 —level.
On the basis of the 332.3-kev gamma's prominent L
conversion in the Lzz subshell and its experimental
E-conversion coefficient we assign it as E2. The agree-
ment of the experimental E-conversion coe%cient
((xzz 0.038) with Sliv's theoretical E2 (nzr 0 059——).
coeKcient is not good, but the experimental value is
perhaps uncertain to this extent. The experimental
Lzz-conversion coeKcient (nzzz=0 025) i.s also lower
than Rose's theoretical value (o.z,zz 0 044)—— .

The 64.8-kev transition, decaying in parallel with the
332.3-kev transition, can only be an E1 transition on
the basis of the absolute L-subshell conversion coefFi-

cients as well as the L-subshell ratios (see Table VIII).
Rose's theoretical screened-conversion coefIicients for a
64.8-kev E1 transition (Z=93) should be as follows:
Qgz =0 11 Qgzz =0.10 Qgzzz =0.092 It is interesting
that this E1 transition exhibits normal L-conversion
coefIIicients, while the 59.6-kev E1 transition exhibits a
normal Lzzz but abnormally large Lz- and Lzz-conversion
coefficients. We believe the explanation may lie in the
importance of model-dependent matrix elements for s~

and p~ electrons in retarded E1 transitions, these matrix
elements being related in nature to those discussed by
Church and Weneser" for M1 transitions.

A few words are in order at this point regarding the
coincidence determination of relative amounts of 59.6-
kev and 64.8-kev photons in the unresolved 60-kev
peak in the "singles" gamma spectrum. As mentioned
in the earlier section on coincidence measurements, the
267-kev to 208-kev photon ratio drops to 6% of its
singles spectrum value when coincidence gating on the
59.6-kev and 64.8-kev photons is employed. Inspection
of the decay scheme of Fig. 1 shows that events gated
by 64.8-kev photons should display the same 267-kev

to 208-kev intensity ratio as "singles, " while events
gated by 59.6-kev photons should display a 208-kev
peak but no 267-kev peak at all. Furthermore, the
decay scheme shows that the fraction of 208-kev photon
coincidence events per 64.8-kev photon should be very
nearly the same as the events per 59.6-kev. Therefore,
it directly follows that 6% of the composite photon
peak at 60 kev is 64.8-kev photons and the remaining
94% is 59.6-kev. This result was used in calculating
photon intensities of Table VIII and in determining
the proper normalization for intensities of Table V.

The multipolarity assignments to the 332.3-kev and
64.8-kev transitions are consistent with the fact that
the final states of the two transitions are of opposite
parity. The parity of the 332.3-kev state is even.

A rigorous spin assignment cannot be made to the
332.3-kev state on the basis of the above assignments
alone; the values 1/2, 3/2, or 5/2+ are possible since
the possibility of small 3f1 admixture in the 332.3-kev
E2 transition cannot strictly be ruled out. But 3/2 or
5/2+ are unlikely' choices because a state with either
of these spins would be expected to undergo appreciable
E2 branching" to the 33.2-kev 7/2+ rotational state;
such branching has not been observed. We therefore
feel that the most reasonable assignment for the
332.3-kev state is 1/2+.

368'.5-kev s/ate. —One has next the state of 368.5 kev,
depopulated to the ground and erst rotational states
by gamma rays of 368.5 kev and 335.3 kev, respectively.
From Table VIII we have a E-conversion coeKcient of
the 335.3-kev transition of n~=0.2. The theoretical
conversion coefFicients of Sliv are 0.059 for E2 and 0.6
for M1. The observation of prominent Lz conversion
and absence of Lzzz is not inconsistent with the assign-
ment of this transition as mixed M1—E2, but the
uncertainty in the experimental E-conversion coe5.—
cient leaves the mixing ratio indefinite.

E-conversion coefficients cannot be calculated in the
case of the 368.5-kev and 370.9-kev transitions since they
are unresolvable in the photon spectrum. Both transi-
tions exhibit similar conversion patterns (E/L ratio
and prominent Lz conversion) and are probably of the
same multipole order. Again, the prominence of the Lz
conversion indicates that the transitions are either E1
or 3f1.A choice can easily be made from the limits on
the absolute E-conversion coefIzcients. In Table VIII
lower limits are given which definitely rule out E1;
hence 3fi assignments for both transitions seem best.
The observed photon-intensity sum is consistent with
the M1 assignments within the rather large uncertainty
of both the photon and electron intensities of these
weak transitions.

With the presence of 3f1 radiation in both the 335.3-
and 368.5-kev transitions, the spin and parity of the
368.5-kev level can be either 5/2 or 7/2+.

370.9-kev s/ate. —The only transitions not accounted

"Alaga, Alder, Bohr, and Mottelson, Kgl. Danske Videnskab.
Selskab, Mat. -fys. Medd. 29, No. 9 (1955).
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for with the levels heretofore postulated are those of
370.9 kev (M1) and of 113.9 kev (E2). Neither of these
transitions can be related to a level scheme by energy-
sum relations. We choose to list the 113.9-kev transition
as unassigned, but there is evidence from our coinci-
dence work that neither the 368.5- nor the 370.9-kev
transitions are in coincidence with L x-rays. Hence,
these transitions presumably go directly to ground.
The spin of the 370.9-kev level can be 3/2, 5/2, or
7/2+. It is tempting to postulate that the 1/2+ state
at 332.3 kev is the fundamental state of a E=1/2
rotational band and that the 3/2+ state is found at
370.9 kev, while the 5/2+ member lies just below it at
368.5 kev. This conjecture will be discussed further in
the section on comparisons with theory.

TABLE IX. Observed and postulated beta transitions of U~ .

Energy
(kev)

248
(183)
(144)
(410)
(510)

Decay
percent

95
&5
&5 and &0.1
&18
&0.1b

Logft

6.2)7.2
)6.9 and &8.5
&8.9)10.1

Final state,
spin and parity

3/2—
1/2+
5/2+(')
5/2, (7/2)—
5/2, (7/2)+

This work.
b Wagner et al.14

1/2+, 5/2+, and 3/2+, respectively, constitute mem-
bers of a common rotational band. The energies of
levels in such a E= 1/2 band are given by the formula"

BETA GROUP ft VALUES

As mentioned in the section on the beta spectrum,
the Fermi plot was essentially straight in the region
where the continuum was measurable, namely, above
90 kev (the energy of the strong 207.9 E line). The end
point for the dominant beta group is about 248 kev.
Our Fermi plot is not resolvable into the weaker lower
energy beta branches, although it is consistent with
their presence. Hence, we have calculated their in-
tensities from the gamma-transition intensities and the
proposed decay scheme. The beta-decay information is
summarized in Table IX.

The failure to observe a beta group in the 410—510
kev energy range (spins of final states 5/2 or greater)
strongly suggests that the spin of U"' is low, probably
1/2.

CORRELATIONS WITH THEORY

The most applicable nuclear model for Np"' is that
of Bohr and Mottelson" for nuclei with large spheroidal
deformation. This section will discuss first the more
general correlations with the model, considering
rotational-band spacings and relative-intensity relation-
ships involving the E-quantum numbers. Later the
more special considerations depending on details of the
state of intrinsic motion of the odd nucleon will be
introduced. These latter considerations involve (1)
association of observed band with proton eigenstates
calculated by Nilsson, " (2) consideration of gamma-
transition rates in terms of asymptotic quantum-
number selection rules, and (3) consideration of beta ft
values.

General Correlations

This study of U23~ decay adds nothing to the knowl-
edge of level spacings in the rotational bands based on
ground and first excited states. One may refer to earlier
publications' ~ for such data. We here hypothesize
that the levels at 332.3, 368.5, and 370.9 kev, assigned

32A. Bohr and B. R. Mottelson, Kgl. Danske Videnskab.
Selskab, Mat. -fys. Medd 27, No. 16 (1953)."S. G. Nilsson, Kgl. Danske Videnskab. Selskab, Mat. -fys.
Medd 29, No, 16 (1955).

Solving for the two undetermined parameters, using the
above energy levels, we obtain )t'/2~~=6. 2 kev and
a=+1.08. The moment of inertia is about equal to
that of the band based on the 60-kev state, where
h'/2Q =6.21 kev.

Thus, the eight levels populated by the beta decay
of U"~ can be grouped into four bands: Band 3 based
on the ground state has E=5/2+; Band 8 based on
the 59.57-kev level has E=5/2 —;Band C with one
known level at 267.5 kev has E=3/2 ;Band D bas—ed

on the 332.3-kev level has E= 1/2+.
On considering intensity relationships let us first

look for transitions violating the E-selection rule
(AE&L, the multipolarity). The only ones are the M1
transitions of 335.3, 368.5, and 370.9 kev. The only
important competing transitions should be the low-
energy (38.6- and 36.2-kev) intra-band transitions to
the 1/2+ state. A special search was made for lines
corresponding to these possible transitions. Slight
evidence was obtained for a 38.6-kev transition, namely
an Lzz line, but unfortunately the expected positions of
L~zz, Sf', and 3f~z are masked by lines of other transi-
tions. The Li line (not masked) is not seen. A 36.2-kev
transition is not observed, no lines being found in L~z~
and 3Err positions (not masked). The beta-continuum
background on the plates is high in the region where
the L and M lines of these possible transitions might
be found, and the eKciency of the emulsion at these
low energies is poor. Hence, it can only be said that any
36.2-kev transition must be less than about one-half
percent of total beta decay, and the 38.6-kev transition
may occur of the order of one percent of the beta decay
if the observed Lzz line does not arise from some other
source. The very approximate nature of the above
intensity information introduces a good deal of uncer-
tainty into the question of the proportion of primary
beta decay to the three levels of band D. The most we
can say is that the total beta population to the band
comprises about five percent. Within the uncertainty
on possible gamma rays competing with the 335.3-,
368.5-, and 370.9-kev transitions a retardation associ-
ated with E forbiddenness is consistent.
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i I3/2

h 9/2

f 7/2

I/2- 5, 0, 1r 7/2+ 6, 2, 4
~9/2- 7, 3, 4

~~5/2- 5'0,'3
I3/2+ 6, 0, 6
3/2- 5, 0, I

5/2+ 6, 2, 2

-I/2+ 6, 3, I

7/2- 7, 4, 3
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-3/2+ 6, 3, I
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~3/2+ 6, 4, 2
i3/2- T, 6, I

I/2+ 6, 4, 0
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-I/2+ 6, 5,.I
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~3/2+ 4, 0, 2
-I/2+ 4, 0, 0 BAND D

—. 9/2- 5, I, 4
-3/2+ 6, 5, I

3/2-5, 3, 2
-I/2+ 6, 6, 0

+6 I/2-5, 3, 0

FIG. 2. Nilsson energy-level diagram for prolate deformation.

It is of interest to compare the observed gamma-ray
branching ratios with the relative reduced transition
probabilities calculated from the Bohr-Mottelson model;
such comparisons are in effect tests of the purity of the
E-quantum numbers of initial and final states. In the
case of the two E1 transitions which de-excite the
59.6-kev state (26.4 and 59.6 kev) such a check has
been made from Am'" alpha decay by HSR) who
found the theoretical and experimental ratios in dis-
agreement by over a factor of two.

Consider now the branching of E2 radiation from
the 3/2 —level (267.5 kev) to states of band 8. As
discussed earlier, there is very little E2 admixture in
the 207.9-kev transition, the value based upon the
Lrzr-conversion coefficient being E2/&1= 0.005~0.005.
The intensity rules of Alaga et al."predict

L+20$(E2)/&165(E2) ]theor

but experimentally the ratio is between zero and 0.1.
This extremely bad disagreement is surprising, and we
cannot explain it in detail. As we shall show later, this
E2 transition of the odd proton is hindered, probably
because of a violation of a selection rule in the asymp-
totic quantum numbers. One might expect some contri-
bution to the E2 radiation by virtue of Coriolis (RPC,
see Kerman)" admixing of the intrinsic proton wave

functions of bands 8 and C. Perhaps a destructive
interference of these contributions has lowered the E2
component of the 207.9-kev gamma.

Consider also the M2 branching from the 3/2 —level
to states of band A . The Clebsch-Gordan coefficients
in the theoretical expressions are the same as for the
E2 branching just considered. That is,

[Bssr(M2)/8934(M2) j„h...——0.75.

The experimental ratio of reduced transition proba-
bilities appears to be

LBssr (M2)/Bs34(M2) ],xst =3.3,

in bad disagreement. Possible explanations might be
(1) an abnormally high E-conversion coeKcient" for
the E1 component of yssr or (2) an unexpectedly large
contribution from intrinsic states with X~5/2 in the
6nal state. The E1 E-conversion coefficient would need
to be a factor of 12 larger than theoretical to bring the
3f2 branching ratio into agreement with theory.

Agreement with the relative intensity rules of Alaga
et al." is not found in the three cases listed above, and
in the Bohr-Mottelson formalism this means that in
each case there are important contributions to the
transition probability resulting from wave-function
components with E values di6'ering from that of the
principal component.

Correlations Depend. ent on the Odd-Proton
Wave Function

We shall now discuss the more special considerations
involving the state of intrinsic motion of the odd proton
in Np" ~. Considerable success has been achieved i'
correlating ground-state spins and excited-nucleonic-
state spins of deformed nuclei with the 0 values of
nucleon eigenfunctions calculated by Xilsson33 for the
anisotropic harmonic-oscillator potential. We wish to
associate the four bands of Np" and the ground state
of U"' with states from Xilsson's calculations. In
testing possible assignments we shall examine both the
selection rules in the asymptotic (large-deformation)
quantum numbers Ã, e„and A and those in the
spherical limit in j and I (and X). (See papers of
Nilsson, "Alaga, "Hollander, " Perlman and Rasmus-
sen. ') For convenient reference we show in Fig. 2 a
diagram of the Nilsson eigenvalues of the heavy region
for prola te def ormation. Calculations from experi-
mental quadrupole moments indicate a deformation of
about 0.25. In the right-hand margin are the letters
A, 8, C, and D, adjacent to the states we associate
with the four bands in Np"'. The reasons for these
choices are the following:

3'Anomalously large L-conversion coefficients have been ob-
served experimentally from Amm' decay (reference 2) and Th"'
decay (reference 30).

» G. Alaga, Phys. Rev. 100, 432 (1955).
s' J. M. Hollander, Phys. Rev. 105, 1518 (1957).
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From the ground-state spins, rotational-band spacing,
and the unhindered nature of one alpha-decay group in
Am'" it was suggested" that the odd. proton is in
orbitals of 0=5/2 in the states both of band A and
band B. These orbitals are necessarily of opposite
parity because of their interconnection by electric
dipole radiation. It was later suggested by HSR' that
of the two available 0=5/2 orbitals in the proper region
band 2 is the even-parity orbital, the chief evidence
being the diBerence in effective moments of inertia of
bands A and B. Magnetic-moment calculations of
Strominger" also support the above assignments.

From the nature of the four transitions depopulating
the 267.5-kev level only the assignment 3/2 —seems
reasonable, and the level labelled "C" in Fig. 2 is the
only 3/2 —state in this region.

The 1/2+ band D would not be expected to lie this
low in energy if one were to take strictly the eigenvalues
of Kilsson, but taking Nilsson's diagram as simply a
good guide to the position of states we shall examine
in more detail the properties of the two nearest 1/2+

TABLE X. Partial half-lives for photon emission
from the 267.5-kev state.

Energy

Multi-
polarity
treated

Experimental
half-life

(sec)

M oszkovf ski
single-particle

estimate
(sec)

Retardation
factor

F

267.5
234.2
207.9
164.6

Ei' 7.7X10 ' 3.5X10 " 4.5X10 '
DX10 ' 8.3X10—s 1.4X10

Mi 2.OX~0 s 1.5X'10 I~ 7.5X10 5

E2 1 6X10 ' 9.5X10 s 5.9X10~

& These transitions have some quadrupole admixture, but the experi
mental partial lifetime applies to the dipole component alone.

'7 D. Strominger, University of California Radiation Laboratory
Report, UCRL-3374, June 1956 (unpublished).

orbitals on the diagram (the notation is Qs.{N,e„A}).
These are state 1/2+ {4,0,0} and state 1/2+ {6,6,0}.
Using Nilsson's wave functions for the former, we
calculate at 3=+0.2 a value a=+1.29 and at 8=+0.3
a value a= —0.67. For the latter, we calculate a+0 ~

=+6.6 and a+e s
——6.2. Since experimental quadrupole

moments indicate 8=+0.25 in the region of Np"' we

feel that the agreement between the experimental
a=+1.08 and the theoretical decoupling parameters
for the 1/2+ {4,0,0} orbital is satisfactory and that
the 1/2+ {6,6,0}orbital is conclusively ruled out.

A curious case is provided by the four gamma
transitions depopulating the 267.5-kev level in that
E1, 3f1, E2, and M2 transitions are all observed. The
lifetime of the parent state has been measured by
Bunker et al." as (5.4+0.5) X10 ' sec. In Table X we

have made use of this lifetime measurement and our
relative intensity data to calculate experimental partial
half-lives for emission of the various photoos. For a
theoretical comparison we have made calculations also
with use of the single-proton transition formulas of

TABLE XI. Asymptotic selection rules for gamma transitions.

+1 0 0—1 0 0
0 &1 0

0 0 0
0 a2 ai ai
0&2 0 0

M2

~1
0
0

+2—2
0, ~2
0, ~2

+2

+2 0 0—2 0 0
0 0 0

~a ~1 0
0 &2 0

&1 &3
~1,

'
~3

+1 &3

+1

&1 0, ~2
0 ~1

&2 &1
0 ~1

&1 0

0
0
0

&1
&1

"S.A. Moszkowski, in Beta- and Gamma-Ray Spectroscopy,
edited by K. Siegbahn (Interscience Publishers, Inc., New York,
1955), Chap. XDI.

"D. Strominger and J. O. Rasmussen, Nuclear Phys. 3, 197
(1957).

'0 Z may take only the values &1/2. This is not explicitly given
in Fig. 2 but is easily determined since Q=h.+Z.

' R. Chasman and J. O. Rasmussen, University of California
Radiation Laboratory Chemistry Division Quarterly Report,
January, 1957 (unpublished).

Moszkowski. 38 None of these transitions is E-forbidden.
The retardation of the E1 is not too surprising, since
the low-energy E1 transitions quite generally show

large retardation. The general question of retardation
of E1 transitions in deformed nuclei has been discussed

by Strominger and Rasmussen. "
The large retardation of the 208-kev M1 transition,

allowed by E-selection rules, needs explanation. A
qualitative explanation is readily found with the earlier
orbital assignments by examining selection rules in the
asymptotic quantum numbers. Selection rules in the
quantum numbers 1V (total-oscillator quantum num-

ber), n, (s-axis oscillator quantum number), A (orbital
angular-momentum component along symmetry axis),
and Z (projection of intrinsic spin along symmetry
axis)'s have been applied to cases of beta decay by
Alaga" and to cases of E1 gamma transitions by
Strominger and Rasmussen. " Chasman and Rasmus-
sen4' have derived selection rules for E1, E2, SI1, and
M2 transitions. These selection rules are given in
Table XI.

From the asymptotic quantum numbers appropriate
to orbitals C and 8 in Fig. 2 and from inspection of
Table XI it is seen that the M1 transition violates
these rules, since hA= 2.

Table X shows the 164.6-kev E2 as retarded, and the
E2 component of the 207.9-kev transition must be
even more retarded. It is to be noted that an E2 single-

proton transition between the 8 and C orbitals violates
the selection rule AZ =0.The speed of the E2 transitions
between these bands is a more dificult matter to
consider theoretically since the Coriolis interaction
(Kerman's" RPC interaction) will mix these proton
states and lead to collective contributions to the E2
transition probabilities. The single-particle and collec-
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tive contributions could interfere constructively or
destructively; the latter possibility is attractive for
explaining the retarded E2 component of the 207.9-kev
gamma.

We see from Table X that the 3f2 radiation is also
retarded from the single-particle estimate, but it is
significantly less retarded than the M'1. M2 radiation
between bands C and 2 is allowed by the asymptotic
quantum-number selection rules of Table XI.

Finally, let us consider the beta decay logjam values
(Table IX) and attempt to assign quantum numbers to
the ground state of U"~. To account for the non-
observance of beta decay to the 5/2+ and 5/2 —bands
a spin assignment of 1/2 seems most attractive. The
available 0= 1/2 neutron states in the proper region on
Nilsson's diagram are 1/2+ {6,3,1}and 1/2 —{5,0,1}.
For the even-parity assignment the principal beta group
to the 3/2 —state would be classified first forbidden
(EI=1, yes), unhindered. The experimental logft value
of 6.2 seems quite consistent with this from comparison
with Alaga's study. " For the odd-parity assignment
the main beta group would be allowed (BI=1,no),
hindered, also consistent with experiment.

Although there is much uncertainty regarding the

relative beta intensities to the uppermost band, a self-
consistent picture explaining beta decay to this upper
band is more easily obtained with the assignment of
1/2 —to U"'. The beta decay to the 1/2+ and 3/2+
states would then be classified first forbidden, unhin-
dered, and beta decay to the 5/2+ state would be first
forbidden (AI=2, yes), unhindered. The 1/2+ assign-
ment to U"' would not allow sufficient direct (second
forbidden) beta population of the 5/2+ state at 368.5
kev, and it would be necessary to postulate a higher
level decaying to it by an unobserved gamma transition.
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