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ABSTRACT

The alpha decsay of 235Np has been studied by quantitative a singles

231

and O~y coincidence techniques, and the beta decay of ~ Th by quantitative

Y ray singles and y-Y two parameter coincidence measurements with semiconductor

231

detectors. Rotational bandheads in Pa at 102.30, 174.10 and 183.47 keV

are given the Nilsson assignments (2 m(N n, A)) 3/2 + (651), 5/2 - (523); and

5/2 + (642), Decay schemes for 235Np and 2ot

231

Th are presehted as well as a
transition intensity balance for Th which includes beta branchings. Energy
level spacings and o, B, and Y transition probabilities are interpreted

in terms of & strong Coriolis interaction among the even parity rotational

bands and admixtures in the wdvejfunctions are given for the observed levels.
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- I. INTRODUCTION

231 233

The low-lying energy levels of Pa and ~““Pa are of particular

interest becauseibf.the stroﬁg'Coriolis forces between'a'humber>of states, and
bhe opportunity to see thg effect of these forces not oﬁly on_the energy level
spacings but also on the o, B, and y transition probabilities.

This stﬁdy on 231Pa energy levels was brompted by an earlier investi-

37

Np a-decayl which demonstrated distortions in the energy level
spacings and in the o and Yy transition probabilities. Concurrent with the

present study Hoekstra and Wapstra2 in their paper on the energy levels of

233 231 235

Pa also suggested Pa might be similar. The study-of Np alpha decsy

is complicated by the minute alpha branching of this predominately
electron captureiactivity.
'In the présént work, which has been reported in pfeliminary fashion

. _ , , 5
3,4,5 quantitative O~y coincidence measurements were made on 35NP and

231

earlier,
quantitative Yy ray singles and y-y coincidence measurements on Th., Four new‘
energy levels ére observed and two more are assigned different energies,
Reassigﬁment of‘Nilsson quantum numbers are made for thelétatéé at 84,17 and
l83.h7 keV and'é,pew‘assignﬁent is made for the rotational bandheédiat 174,10 keV.

An inténsity balance is performed for both 8 and Yy transitions in 231‘I‘h decay.

231

The even parity energy levels in’ Pa are interpréted'with-a complete
Coriolis calculation and admixtures in the wave functidns are obtained for
each observed state. Although the experimental ratios'of'the a, B, and Yy

transition probabilities to the even parity states are rather unusual, they agree.

reasonably well with calculated results if Coriolis-mixed wave functions are used.
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II. SOQOURCE PREPARATIONS

235 235U

Np was produced by bombarding 1 gm of highlyjenriched (9&.%%)
with 18 MeV deuterons for 978 u amp hours in the 88 inch cyclotron at the Lawrence
Berkeley Laboratory. The uranium farget‘was'diséolved in 10 M HC1 and adsorbed .-

. R T . R ro Co R

onto é Déwex‘AGl—XB‘anioh exchénge column., Washes with more 10 M HCl removed

. the fission products, and elution of the column with 2.7 M HCl removed the Np

i

~and Pu‘and left U on the column. The Np-Pu fraction was loaded onto another

Dowex AG1-X8 anion column in 10 M HC1 - 0.1 M HI solution, washed with the
same solution to remove Pu, and the Np eluted off the column with 2.7 M HCI1.
The Np fraction was loaded onto a Dowex AG50~X12 cation exchange

column in 0.1 M HC1, and then the Np was stfipped off in 10 M HCl. Any Pa
236

remained on the column, The purified Np fraction contained'22 h Np which
S 236 5 L '

grew 3 Pu, and made it necessary to repeat the purification from Pu two weeks
later.

The sample was purified fromvextraneous mass by absorption onto a
Dowex AG50-X12 capidn exchange column in O;l'M HCl‘foliofed by elution with
2 M and 10 M HC1, At the end of the chemical purificafions, & very thin source
of 180 a dis/ﬁin was prepared by electroplating the purified neptunium onto‘a
0.001" Pt foil. Another source of SOQ o dis/min was electroplated onto a

237

0.0001" Ni foil., Both sources contained “~ Np as an impurity. .
. » . _ o
231'I'h was prepared by bombarding 500 ugms of 30Th with neutrons in"
the University of California Triga research reactor. The Th target was dissolved

in 8 M HNO, with a drop of HF and the solution was adsorbed onto a Dowex AG1-X8

3
anion exchange coiumn. The column was washed with 8 M HNO3 which removed the rare
earths, and then the Th was stripped from the column with 0.1 .M HNO lh3Ce ahd

3.

1k . _ x ‘ , :
OLa, however, were not completely separated from the thorium by this chemistry.
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~ There was.no attempt to separate the rare eaiths in thé sources used
for the y-y coincidence measurements. 233Pé, which reéﬁlféd from small amounts
of 232Th in the target, was adsorbed.onto a Dowex AG1-X8 anioﬁ exéﬁange column
in 10 M HCl as the Th washed through. After the chemical pufification the

Th solutions were evaporated to dryness on 0.001" Ni foils.
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III. EQUIPMENT AND CALIBRATIONS

2
A, 35NpﬁAlpha Singles Measurements

235

The alpha spectrum of Np was measured with a 6 mm diameter Au-Si

surface barrier detector with a full-width-at-half-maximum (FWHM) of 1L4.5 keV,

Because of spurious o-particle groups due to coincidences between the main

a—particle groups‘and conversion electrons from the intense 84.2 keV transition,
| | | 235

there was somé difficulty in observing lbw—intensity g-particle groups of Np

betweeﬁ 5.022 and 5.105 MeV.

A magnetic field of severai thousand gauss applied perpendicular to
the emitted conversion elecfrons made the spurious a-pérticle groups negligible
while maintaining thé deﬁection geometry of 3.5%. The output of the a-particle
detector, which was operated at room temperature, was fed through a cﬁarge—

sensitive preamplifier and then through various amplifiérs to a multi-channel

pulse-height analyzer.

237

Energy caiibrations were made with the Np impurity in the source

and with an external source of 2uOPu. All the o particle energies are

: - L
relative to 4,787 MeV for Ogg in 237Np6 end, 5.123 and 5.168 MeV for 2 OPu7
ahS and ao‘respectlvely.

235 s '
B. Np o~y Coincidence Measurements

a pafticles were detected with a 1 cm diameter Au-Si surface barrier

detector cooled to -20°C. The source was 3 mm away from the detector and the
FWHM was = 25 keV. The total a-spectrum as well as that part used as the

céincidence gate were recorded in a 40O channel pulse height analyzer during
i . .

.each o-Y coincidence experiment in order to test for any change in the electronic

gain of the a-particle detector system.
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The Y-ray spectra were detected with a 5 cc Ge(Li) detector with a
FWHM of 2 keV at 84 keV., The singles Y-ray spectrum wa; gain-stabilized at
the same time‘as the coincident Y radiations were accﬁmulated in the k400
channel pulse—héight anélyzer.

The resolving time of the coincidence circuit was 80 nsec. The
accidenfal rate; caused mainly by the U-X rays associated with the electron
capture decay of 235Np, was determined with:an additional 10 usec déla&'on‘the
-Y—ray‘sidevand a pﬁlse generator of known frequency on the‘a-particlé side.
The shape of the prompt curve of this apparatﬁs and thevefficiency as a
function of théky-ray energy were determined from a—chbincidence measurements

2h9Cf. The absolute photopeak efficiency of thevGe(Li) detector as a

with
function of the Y-ray energy was measured with y-ray étandards of kndwn
disintegration ratés supplied by the International Atoﬁic‘Energy Agency in
Vienna. |

c. 231Th Singles Gamma Ray Measurements

The Y—ray spectrum of 231Th was measured with a high resolutibn
Ge(Li) detector.with a FWHM of 670 eV at 90 keV. The”oﬁfput of the detector
was fed into a preamplifier8 with a cooled field-effect t?aﬁsistor for the
first sfage, a high counting-rate amplifier,8 a gain stabiiizer,9 and finally
a 1,096 channel_pulsé-height>analyzer.v'The data from.the analyzer memory was
storéd on‘magnetic tape and later plotted by computer,

p, 23lm Y-y Coincidence Measurements

Y rays were detected with two 5 cc Ge(Li) detectors with a FWHM of

1.3 keV at 122 keV. The source was mounted in an anti-Compton Ag collimator5



-

tb absorb Y rays with energies sensibly lowér than 150 keV caused by Compton
scattering in the aetectors..

ﬂ The eiectronic equipment used in this work is conventional and has been
described elsewhere.s The Y rays from the two detectors were fed e#entually
into a two—parametertcoinciqence~set—ﬁp 9fﬁl§00,x 1600 channels. The coincidence
events were stored temporarily in the memory of a h,096 channel pulse height
analyzer and then transferred to a magnetic tape. The y-ray épectrum from one
detector in‘coincidence with any desired part of the Y-ray spectrum from the
6ther détectorvcould be determined by computer analysis of the magnetic tape.

. The.resolving fime of the coincidence circuit ﬁas 0.5 usec; For most
of the measurements.the accidental coincidences were aﬁqﬁt 6% of the'tfue
coincidences. ‘The detector relative efficiencybas a function of the y-ray

23;L.’I'h source mounted in the énti—Compton collimator.

energy was méasﬁred with the
The y-ray relative intensities were known from the.singles measurements. This
was necessary because the size of the source was larger than the centra; hole
in the anti;Compton collimator and Y rays were partiaily absorbed. The
absolute efficiehcy of the detector was obtained by normaiizing one point of
the relstive efficiency calibration curve to a value, _7;0 + 0,3%, 6btained

_from the intensity of the 84,2 keV y ray in the o decay of 235

Np. This normaliza~
tion was performed using the intensity of the 84,2 keV y ray in coincidence

E. Experimental Errors
All the experimental uncertainties are given'és‘two standard deviations

unless otherwise indicated in the text. o
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IV, -35Np 0~-DECAY RESULTS

A, Siggles

235Np is shéwn in Fig.‘l. ‘The best peak

The a—barticle spectrum of
shape and tailiéﬁnsistent with the major a—pafticle compbnent in the sample
was developed‘by trial and error, and then this shape wéé-stripped from each
of the observed peaks. This analjsis ledvto 10 a—particlé‘groups assigned to
235Np. ' '

Four 6f.ﬁhe ten o groups had been previously observed by Gindler and
Engelkemeirlo and their results along with the present‘work are: presented
in Table I. Also included in Table I are our calculated alpha decay hindrance
factors using Preston formula.sll for the theoretical half;lives 6f the Q-
particle groups. |

The =~ 10 keV discrepancy in the energies of a186nand a

250
caused by a downward shift of the effective energy of the 237Np reference peak

was probably

in the previous work, because the abundant near-lying a-particle groups were

. R » o)
not resolved. As the a-particle groups near the main peak in 35Np are

237

distributed in about the same way as in Np, its energy:was relatively unaffected.

A discrepancy of a factor of 2 in the intensity of (o

O'f'a8) is probably due to

235

conversion electrons in coincidence with the main a-particle group of ~~“Np

in the previous work, a possibility indicated by the authors.

B. o~y Coincidences

Three coincidence measurements were made between various parts of the

2SSNp o-particle spectrum and the Y-ray spectrum. The coincident Y spectra

are shown in Fig. 1 and the energies and intensities are given in Table II.:
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235

In one experiment the o-particle gate comprised all Np a-particle

groups between ao'and Gggye Y fays of 81.2,‘8h.2, 102.2, and 110.8 keV are
reasonably well defined in this spectrum, Other transitions at 58.5; 125, 165,
and 185‘kéV.are less certain. Limits of 0.0T% and 0.0d?% respectively can be
placed on the abﬁﬁdance of vy rayévat 90 and~l7h keV. These limits are of
importanée inAfhe decay-scheme analysis Whicﬁ will be discussed later, After
femoving the contribution of accidental coincidences (sﬁown By the dasﬁed
lines) froh'the 96 - iOO.keV radiation and smoothing the resulting points,
there are péaks aﬁ 96 ahd 92 keV which are presumably thg ?a Kal and Ka2 X rays.
The intensity of the‘ilO.8 keV tranéition has had the Pa KB X rays removed as
well as accidental coincidences. There is a dubious reéidue of counts centéring
at around 92.2 keV thch remains aftér removing all the radiations including
Pa-KX rays.l |

Coinc?dences between Y rays and o particles in the ranges

h.959 > 5.106:MeV>(a > aé) and 4,865 -+ L, 94k Mev (a186 + al7l) were

113 .
measured for several weeks. The selected gate regions are indicated in the
singles o spectrum shown in Fig. 1. Y rays at 58.5 and 84.2 keV were observed

i

in coincidence with ( a.). The 84.2 keV Yy ray has been previously shown

*113 7 %
to originate aﬁ 8 84.2 keV state which receives very high ‘o~-particle popula-'
tion.lo The intensities of these two Yy rays_have been c¢orrected for the
Jfracﬁion of the decays of the 37 usec level which did not occur within

the resolving time df thé circuit, if it is assumed that all the

a-particle groups contained in the gate, except (asg > ao), populate states
which decay through the 84,2 keV level, the intensity bf the 84.2 keV _

Y ré& per event populating that lével was found to be 6;T.£.O.S%. The

58.5 keV Y ray presumably originates at the 58 keV state found to be populated



by o particles.,  This state is populated in high intensity from the 84.2 keV »
level through.a/25.7 keV E1 transitiono12 The intensity of the 58.5 keV Y ray

per (a > a8h) decay is 0.75 * 0.25%. Therefore, if this state decays

113
only to the ground state, the 58.5'keV transition is almost'completely converted,
consistent wi£h the B2 assigument from 231Th decay scheﬁenstudies.l

The y;rayespectrum in coihcidehee with (o 186 ‘ ) shows peaks at
81.2, 8k4.2, 102. 8 110.8, and a very weak one at about 126 keV The region
of 92 to 96 keV is congested and has poor statistics. After removing accidentals
and the maximum Pa-KX ray intensities, there is still a residue left centering
’at 92.4 keV, The intensity of this residue relative £o the 110.8 keV‘radiation
is roughly the seme as found in coincidenee with all o ?erticles.

The intensity of the 84.2 keV Yy ray per (o > ao) was 6.9-% 0.U4%.

304
After a 4% correction for the o-particle groups which bypass the 8L4.2 keV

state, the intensity of the 84,2 keV y ray per population to the 84.2 keV state

is T.3 £ 0.4%. . Together with the value 6.7 * 0.5% deduced from the (a 113 ao)

coincidence measurements, the best value for the fractlon of the 84.2 keV state
which de-excites by an 84.2 keV vy ray is 7.0 ¢ 0.3%. This is in good agreement

with the wvalue 7;2 + 1.0% found by Asaro gE’§£.12.fof the absolute

intensity of this Y ray in 231Th B‘decay and confirms‘their deduction that

nearly all of the 2L beta decay feeds the 84.2 keV state.

We will now show that the 81.2 keV and 8k.2 keV Y rays must be in
COincidence wiﬁh each.other, with the 81.2 keV Y ray preceding the 84.2 keV
Yvray. The intensity of the 8L.2 keV vy ray in coincidenee with (a186 > “171)
shows ;nat'at least T8% of the 183.l4 keV level decays through the 84.2 keV

13,14,15 in the

231Th . : 235
decay of ~Th., If the 81.2 keV Yy ray observed in the alpha decay of Np

state. An 81.2 keV M1l transition has been previously observed
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is the same as that detected in the decay of 231Th, the intensity of the 81.2 keV

transition per (ul86. > alTl) decay calculated with 1:hetheoretica.l16 M1 conversion.

coefficient is 98 * 13%. Therefore the 81.2 keV transition must be in cascade
with the 8&.2_keV transition. As there was no 81.2 keV Y ray detected in

coincidence with (all3
it decays first to a 165.L keV state from the 183.4 keV level by an 18 keV

> ao) (<0.1%), it must precede the 84.2 keV Yy ray. Either

transition and thence to the 84.2 keV sfate, or first to a 102.2 keV state and
thence to the 84.2 keV state. As there is a Y ray of 102.8 keV in ééincidence

with % 86 and no detectable 165 keV radiation, the latter possibility seems

‘ 231

most likely. .Indeed, it will be shown in the Th decay measurements that

the 102.8 and 81.2 keV Yy rays are in coincidence. The KX rays and the possible
165 keV Yy ray observed in coincidence with all the o particles are not

detected in coincidence with 9% gg and are probably in coincidence with a250.

An upper limit of 0.015% per (all3 > a8h) decay can be set from our data on

the intensity of any coincident 102 keV Y ray. It will be seen from the

.. ‘ 23
coincidence work on

1M that 3.0 + 0.4% of the 102.2 keV level decays by
a 102.3 keV ¥ ray. Therefore the maximum direct a-particle population to
the 102,.2 keV state is 0.5%, and there must be another close lying state at
=~ 102 keV receiving at least 23% a-particle population. The existence of

13,14
[0

2
such a state is indicated by previous work n 31Th decay as well as

experiments which will be described shortly.
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v. 23y y~RAY SPECTRA

A. y-Ray Singles

A Y-ray spectrum taken with the high resolution detector is shown in
Fig. 2 and the Y-ray energies and intensities are given_in Table IITI.  Also
included in thié'téble is data of Holtzlh from Y-ray and electron
spectfoscopy measurements, The spectrum was started rigﬁt after thé.éhemical
separation waS'completed. The sample was placed 5 cm froﬁ the deteétor, and
there was no significant external absorber. | |

The high resolution of the detector enabled us to-observe 93.0 and
105.73 keV v rays which had not been seen before, and this part of the Y-ray'
spectrum is shown in more detail in Fig. 3. These radiations could not be
the K N and KBl X rays of Th due to self excitation beCause‘there is no
detectable Th K83 X ray at 104.8 keV. The maximum cohtribution of Th KX rays
is only 20% of-the abundances of either the 93.0 or 105.73AkeV Y rays.

- The ¥y rayé with energies greater than 200 keV were measured in another
experiment with the 231Th source much closer to the detector and with a
0.006" Pt dbsorbér. Eight spectfa were taken.for six ho@rs each. The spectra
were summéd to obfain the best y-ray energiés and abundances. Then the
half-lives of nearly ail the Y rays above 200 keV were determined from the

component 6 hour runs. The best energies and half-lives are given

in Table IV,
. - - 231, .
The assignment of the 240.L4, 318.0, and 320.2 keV Y rays to Th is

somewhat questionable because they decay with half lives. slightly different

231Th. However, these three Yy rays are so weak

than 25.5 h, the half-life of
that the inaccuracy of the experimental intensities could be responsible for

such a disagreement, -
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Yy rays of 308.9 and 311.0 keV were found to decay with the 23]"I'h half-

life., A Yy ray of = 310 keV was previoﬁsly observed by Barano# gﬁ_gi.ls Y rays
from 233Pa, lhE’Ce, and lhOLa observed in our spectrum,wihdicate that these
elements were not completely separated in the chemical pufification of the
source. All Y-ray energies in 0ur‘single5'measurementé were relative to the |

value of 84.17 keV for the 84 keV y ray. This value has been previously

obtained from high resolution electron spectroscopy measurements by Hollander

13 : ' S

B. 1y-y Coincidence Measurements

These measurements were made with a multidimensional analyzing
syétem described earlier. The Y-ray analysis was started after the conclusion
of the chemistry and lasted for 2 days. We have only included in this paper
the results from those computer runs which'were the most fruitful. The Y-ray
gate energies and the coincident y-ray eneréies and abuhdances are tabuléted

in Table V, while the coincidence spectra are shwon in Figs. U and 5.

1. Ygu~Y Coincidences

A very intense Y ray of 81.1 keris observed, and, as discussed under
235Np o decay, it must decay almost entirely through the 8L4.2 keV level. The
intensity ratios between the 81.1 keV Y ray and all of the others (except the

63.7 keV Yy ray) are sbout the same in this coincidence spectrum and in the

singles spectrum. Therefore, these Y rays must also decay almost entirely

through the 84,2 keV state. The 63.7 keV Y ray was obscured by Compton radiation

in the singles spectrum but may also decey almost entirely through the 8L4.2 keV

state. The Yy rays of 81.1, 82.1, and 99.4 keV are assumed to decay from a
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183.47 keV level and populate states at 102.30, 101.38, and 84,17 keV
respectively. A 183,47 keV Y ray which is observed in the singles y-ray
spectrum, is bfobgbly the "cross over" transition. Y rays of 163.1 and 146.0 keV
determine a level at 2&7.33 keVlh which decays to the‘183.h7 keV state'by the
63.7 keV vy ray_observed in this coincidence spectrum. Y rays of 89.9,

72.5 keV, and 174.11 keV are assumed to decay from a 17L.10 keV level. As
the 174.11 keV Yy ray was not observed in coincidence with’gssz a186’ it

does not de-excite the 183.47 keV level to the 9.3 keV state to an appreciable
extent. Y rays of 134.1 and 116.9 keV are assumed to de-excite a 218.28 keV
state and populate 1efels at 84.17 and 101.38 keV. A level at 111.62 keV is
indicated by the 106.6 and 135.7 keV Yy rays which decay from the 218.28 and
247,33 keV states respectively. Finally, the 218.0 and 236.3 keV y rays are
assumed to de-excite a 320.3 keV level and populate the 102.30 and 84.17 keV

states respectively. All the energy levels determined from this measurement,

except the ones at 218.2 and 111.62 keV, had been previously found by Holt’,z.l)4

2. Yl63-Y Coincidences

The purpose of this measurement was to calibrate the efficiency of the
system with the 84.2 keV ¥ ray. The 163.16 keV Y ray'dé-excites directly to

235Np

the 8L4.17 keV state, and the .intensity of the 8L.17 keV Yy ray is known from
alpha decay to be T.0% of the events populating the state. The 163.16 keV
Y ray was chosen as a gate in this measurement because the Compton background

under the pesgk is relatively low.

3. Y218-Y Coincidences

The spectrum in coincidence with a 225 keV gate of the same width as

the 218 keV gate was measured to estimate the coincidencés due to the Compton



=1L

continuum undef the 218 keV y ray, and the values in Table V have been corrected
for this effec‘g° The 218.00 keV Yy ray populates the 102,30 keV state whith
de—excites.predqminéntly through the 84,17 keV state, rather weakly to the
ground state via the 102.1 keV Yy ray and very weakly té an excited state at
9.3 keV via the 93.3 keV Yy ray. |

Holtz" assigned an E1 multipolarity to the 102.1 keV y ray from his
conversion electron speétra.. As he did.not observe the conversion electrons
of the 93.3 ke& Y ray, their intensity may well be smaller than those gf the
102.3 keV Yy ray which he did see. With Holtz's Value,qf.O.lY for the L
conversion coefficiént of the 102.3 keV transition and.the relative intensities
of ‘the 93.3 keV éna 102.1 keV y rays from our coincidénce and singles
measurements, the L conversion coefficient of the 93.3 keV transition is then
<2, The theoretical Ml, El1, and E2 conversion coefficientsl6 are 4,1, 0,11,

and 12.8 respectively, so the 93.3 keV transition probably has El multipolarity.

L, (y8l + y82)'- Y Coincidences

Nearly 30% of the gate spectrum was.due to the 84.2 keV vy ray, and this
made the determination of inteﬁsities and the detection of the 93 keV y ray dif-
ficult. Another coincidence measurement was made in which the (81 + 82) keV
gate contained much less 8L4.2 keV Yy ray, and this spectrum is shown in Fig. kc.

The 81.2 keV Y ray populaﬁes the 102,30 keV state which gives rise to
the 84,2, 102.4, and 93.1 keV Y rays as discussed under 218 keV y-y coincidences.
The 82.1 keV Y ray populates the 101.38 keV state which de-excites to the
84,17 keV level. We can show from the coincident abundance of the 63.7 keV

Y ray, that it is in complete coincidence with both the 84,2 keV y ray and
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the composite'(81‘+ 82) keV radiation.v The 183.47 keV le&el feeds the

84.17 keV level by 81.2, 82.0, and 99.3 keV y rays as indicated earlier. These

Y rays have an effective average conversidn coefficient of 8,lh and their

total transition intensity is 17% of the abundance of fheu8h.2 keV y ray. If

the abundance of the 63.7 keV y ray observed in coincideﬁce with ySh‘(O.Oh8 + 0.016%)
is divided by 17%,.the value 0.28 * 0,10% is obtained. This should be the
abundance of the 63.7 keV y ray per composite (Y8l + Y82) gate if it completely
precedes these transitions, and it is indeed in good agreement with the measured
value 0.30 * 0.06%. Therefore we assume the 63.7 keV Yy ray populates the

183.47 keV state from a 247.33 keV level. Conversion electrons of this

transition have been previouslyvobserved,l3’lh’15

and it has beenbassigned
a predominantly'Ml multipolarity.

A Y ray at 136.4 keV is appreciably more intense and different in
energy from the.135.7 keV vy £ay which is in coincidencé with'the 84 keV
radiation. Although it couldarise in part from backécatter of the 218 keV
Y ray, a comparison of the spectrum in coincidence with = T6 keV radiation,
indicated less than 20% of the residual 136.4 keV radiation céuld be due to
this effect. This Y ray de-excites from a state at 320°3i keV to that at
183.47 keV. By similar reasoning to that given for the 63.7 keV Y fay, it can

be shown that the coincidence intensity is consistent with the singles intensity

for the 136.4 keV Y ray.

S5 Y90-Y Coiﬁcidences

The 89.9 keV y ray de-excites from the 174.10 keV state to the 84,17 keV

level. The L4kh,11 keV vy ray is assumed to be the rotational transition from the
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218.28 keV level to that at l7h.lb keV. The 73.0 keV yvray observed in this
épectrum‘was first thought to be due to coincidences between the T2.T7 keV Yy ray
and the Coﬁpton tails of other Yy rays; However, this Ybray was not seen in
coincidence with a gate composed mainly of the Pa Kae-X ray at 9? keV .and
therefore is not a spurious effect. The 73.0 keV Yy ray_Was placed in the

decay écheme as a transition from the 247.33 keV state to the 174.10 keV level.

This was confirmed by measuring the y-ray spectrum in coincidence with
Yre.7°

6.

Y72.7'Y Coincidences

The gate contained a large éontribution of Compton tails from other
Y rays. In order to correct for this effect, the spécﬁrﬁm in coincidence with
a gate at about 76 keV was measured.

The 73.0 and T2.7 keV Yy rays were detécted in one unresolved peak
in both detectors in the coincidence measurements, tﬁefefore the intensity of
Y73'per 100 Y72.7'events obtained from the coincidence‘spectrum is twicé the
real intensity.. The actual intensity of this Yy rsy is conéequently 0.36 + 0,06%
which is about‘the same as found in coincidence with Y90 (0.k0 0.16%). We
conclude therefore that the T73.0 keV Y ray definitely:de—excites through the
174.10 keV state. :

The intensity of Y8h in this coincidénce measurement shows that

93 * 12% of the 101.38 keV state decays through the 84.17 keV level.

Te VY102-Y Coincidences

The 8102 keV Y ray was observed in the coincidence spectrum and the
82.1 keV Yy ray was nbt, which is consistent with the former populating the

102,30 keV state and the latter populating the lO}.38 level.
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The 135.7 kev Yy ray, which wé assume de-excites ffom_the 24T7.33 kéV
state to the 111.62 keV level, was not observed in this measuremeht and a limit
of 0.015% could be placed on its abundance. Consequenfly less than 2.5% of the
111.62 keV level de-excites through the iO2.30vkeV state. - As the ratio of the
intensities between the.81.2 and 218.0 keV Y—rays iﬁ this coinéidenée experi-
ment is the samé as in the singles'measurement, all of tbe latter y ray must
de-excite through the 102.30 kéV level. The abﬁndance'of the 145.2 keV coin-
cident y ray corresponds to 75 * 30% of the singles ihtensity and therefore
is consistent with all of the singles y-ray intensity populating the 102.30 keV
state! It is tempting'to assume that the 145.2 keV vy ray is an E2 fransition
between the 2U47.33 and 102.30 keV states. No conversion lines of the 145.2
keV transition were observed, however, in the appropridte intensity by either
Hollander 23_2;.13 or Holtzlh even though those of the 146.0 keV y ray were
seen. Therefore the ih5.2 keV vy ray may possibly be an_El'transition. The
137.0 keV vy ray‘observed in this coincidence measurement has an intensity

consistent with that of the singles measurement.
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VI. 235Np ALPHA DECAY. SCHEME

An alpha.decéy scheme based on our work and'previOus resultslo’l3’lh

is shown in Fig. 6.

17

2 ) .
The ground state of 31Pa has a measured spin Qf,3/2 and it has been

: 18 .
interpreted by Stephens et al. as the I = 3/2 member of an odd parity K = 1/2

rotational band. . S

A 58.5 keV level was found to be populated by Coulomb excitati?n of

231_ 19 231Th13,1h,15

Pa, in the beta decay of

231U.13 A highly converted 58.5 keV Yy ray which de-excites this level

and in the éléctron caﬁture of
| has been
observed in the‘present work. There was no attempt, however, to detect the
25 keV. vy ray previouély observed by Gindler gz_gi.,lo which populétes the 58.5 keV
level through the 8h12 keV state. The 58.5 keV state has Been interpreted by
Hollander gz_gijl3 as the I = T/2 member of the 1/2 - (530) ground state.
rotational bénd. |

The stéte at about 8 keV populated by Qg is probably the I = 1/2 member
of the ground state rotational band. A more accurate energy fof this state,

2
9.3 keV, is obtained from the beta decay of 31Th.

-From 23lTh beta decay the I = 5/2 member of thévgréund state rotational
band was found at 77.8 keV. o-particle population to thié state was not
observed but it could easily be masked by the very intenseva-particle group which
populates the 84.2 keV state.

| The 84.2 keV state receives the most intensé;a-pérticle populatipn'ahd it has

0,13

been previouslyl assigned és the spin 5/2 member of the 5/2 + (642) Nilsson

orbital. This assignment.waé consistent with the existence of a favored albha
transition to this level with a hindrance factor of 3.3.19 We found in this

work, however, that both the 84.2 and 183.4 keV states are populated by apparently

favored a-particle groups with about the same low hindrance factors (L.3).
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The 102.2 keV state is not directly populéted 5y o particle emissioh
but receives population through the 183.L keV level by:meané of the 81.2 keV
transition. The 102.2 keV level decays almost entirelytﬁo the 84k.2 keV state,
but a small fraction goes directly to the ground state by a 102.2 keV Yy ray.

23l by Hollander et a1.>

This vy ray was previbusly observed in the beta decay of
and by Holtz,1h who assigned an El multipolarity to it and an even parity to
the 102.2 keV state. From our measurementé on 2-31Th decay we have assigned a
spin 3/2 and the.Nilsson orbital 3/2 + (651) to this level. There is no
detectable a-particle population to the 102.2 keV state but there is another
close-lying state at 103 * 4 keV which receives at leagf 23% of the a-péfticle

235Np. This latter state is very likely the same as that at

231

population of

Th decay. It is probably the I = 7/2 member of the

101.38 keV found in
3/2 + (651) rotational band, and the states at 84.2, 113, and 169.3 keV are
the I = 5/2, 9/2, and probably 11/2 members respectively of the same rotational

band. The best energy for the 113 keV state is 111.62 keV from 231

Th decay.

A 110.8 keV radiation was observed in coincidence with all o particles and

with a—particle gates in the region of % 86 ad al7i. We believe thisvy ray

is the transition between the 11/2 and 9/2 members of the ground state rotational
band.. The beét enérgy of the I = 11/2 state, 169.3 keV, is in good agreement
with the energy obtained from the a—particle spectrum.

A o185 keV'Y ray was observed in coincidence with the total 235Np a
spectrum and élso with % g6° This is probably the same as the 183.k keV Y ray
detected in 231Th decay, which defines a state at that energy. This state must
decay preominantlyvthrough the 84.2 keV state as shown from the 235Np -y
coincidence measurements, and is very likely the band heéd of the 5/2 + (6L42)

favored rotational band. The assignment is consistent with the low hindrance

factor (4.4) of the a-particle group which populates this level. States at
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250 and 30k keV ﬁopulated by.a-particle grdups‘with rélétiyely low hipdrance
factors are very likely the I = 7/2 and 9/2 members of the same.rotational.
band. A strong.Coriolis coupling of this band with fhe'3/2 + (651)‘introduces
large admixtures of the favored band in the states at‘8h;2, 103 * 4 and 113 kev,
leading to an intense d—particle population. The I = 3/2 state af 102.2 keV ié
not mixed with the favored state and consequehtly dpes ﬁot receive appreciable
d—particle ﬁopulation (<§O.‘5%).i

"The eﬂergy épacing and the inversion of_the I=3/2, 5/2, and T/2
levels in the K = 3/2 rofational band is alsé a cbnseéuence of the Coriolis -
interaction with the even parity rotational bands, as it will be shown later.
fhis interbrétation has been;p?éviously suggested by Hoekstra and Wapstra2

based on the Similarity with thé energy levels in 233Pa.l-’2
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vir, 3%

231

Th DECAY SCHEME

Th has been previously studied by Baranov gg‘gk.,ls

1k

The decay scheme of

1
Hollander et al., 3 Asaro gﬁ_g&,,l2

and lately by Holtz.
Most of the decay of 231Th populates the level at 84,17 keV directly
or through intermediate states., This state de-excites to the ground state

rotational band,l3’lh

by means of 84.17 and 25.65 keV El transitions.
The l02.30 keV state decays ﬁo the ground s£ate and td a 9.3 keV level
| by El Yy rays of 102.30 and 93.3 keV respeétively; As the parity of the ground |
state is odd, the parity of the 102,30 keV state.is thérefore even, and thatvof
the 9.3 kev level is odd. If we assume that this lattef state is the I =1/2
member of the ground étate rotational band, spins of l/2:and 3/2 are possible
for the 102,30 keV level.

The 101.38 keV state decays to the I = 7/2 member of the ground. state
rotational band gf 58.4T keV by a 142,80 keV.Ellh transitioﬁ and hence has
even parity. As a possible 101.4 #eV Y ray from.the decay of this level to
the ground state was not observed, thé spin of the 101.38 keV stéte is either
7/2 or 9/2. |

The 183.47 keV state populates both the 101.38 keV and the 102,30 keV
states by Ml vy rays, and therefore it must have a spin of 5/2 and even parity.
Consequently the 102,30 and 101.38 keV levels have spins of 7/2 and 3/2
reépectively. we'found from éur Y-Y coincidence measurements that these two
states.de—excite to the 84,17 keV level. The conversion eleétrons of the cor-
responding 18.07 and 17.21 keV transitions were observed by Hollander gﬁ_g£.13
The decay patterns of the 84.17, 101.38, and 102.30 keV‘stéte are consistent

with the expeétations for a K = 3/2 rotational band if the 102.30 keV state is

the band head, and the I = 5/2 and 7/2 members are at 84,17 and 101.38 keV
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respectively. ;We a331gned the Nllsson orbital 3/2 + (651) to this rotatlonal
band, and the orbital 5/2 + (642) to the spin 5/2 state at 183.U47 keV.

The state at 247.33 keV is de-excited by Mllh Y rays of 146,00 and
163.16 keV which populate levels at 101.38 keV and 8h;17'keV respectively, and
by'arl35.77 keV Yy ray which populates the 111.62 keV state.' If wevassume that
this latterbstate is the I = 9/2 member of the 3/2 + (651) rotational band,
then the 2h7 33 keV state must have even parity and a- spln of T/2. .FrOm the
- . alpha decay of 235Np we have 1nterpreted this state as the I=17/2 meﬁber of‘
the 5/2'+ (6h2)‘rotational band. | |

The anomalous order and spacing of the levelsgat:8h.17, 101.38, and -
102,30 keV as well as the large energy separation between the I = 5/2 and
f/e states at 183.38 keV and 247.33 keV are due toltoe'Coriolis mixing of the.
even parity rotationel bands as will be explained in detail in Sec. IX.

A 174,10 keV odd parity state, defined by an Ellh Yy ray of 89.94 keV
which populates the 84,17 keV state has been prev1ously observed by other

authors.l3 1h This state also decays to the ground state by a lTh.l9 keV

Y ray.

A new odd parity state was observed at 218.28'keV. This state is

de-excited by an El Yy raylh of 116.91 keV which populates the 101.38 keV level,

and by Y rays of 134.14 and 106.58 keV which populate.the:Bh.lY keV and
111.62 keV states respectively. ‘The states at 174.10 keV.and 218,28 keV are

probably the band head and the I = = T/2 member respectlvely of the 5/2 - (523)

rotational band., This assignment is consistent with the energy spacing between -

the two states, 4l4.2 keV. This agrees well with values found for the same

235 21 237 ~239

orbital20 in Np (k2.6 keV), Np (43.4 kev),22 and Np (43.1 keV). 23 2k
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States at 320.31 keV and 351.97 keV observed before by Holtzl" have
been seen also in this work. Unfortunately the experiméntél data available
is not sufficiénﬁ.to make any definite assignment. The decay pattern of these
levels, however, suggest that they have spins of 3/2 and 5/2 respectivgly.

Y rays of 240.4, 242,6, 169,58, and 105.73 keV which respectively
de-excite states ;t 318.2, 320.31, 247.33, and 183.47 keV, define a level at
T7.8 keV. This latter state is very likeiy the I = 5/2.membef of the ground
state rotational band which had been previously placed at 76.0L keV by

Hollander g§_5£.13

13,1k

A decay scheme based on this work and previous results is shown

in Fig. T.



)

VIIT, 23l BETA POPULATIONS AND TRANSITION INTENSITY BALANCES

The beta pqpulation to the various states whiéh are deduced in this .
section and the y-ray energies and total transition abundances which populate
and depopula?e these states are shown in Table VI, Where?no ?xplénation-is

1 . a :
given, the Y ray energies, abunéances and multipolarities from Table III‘were
used along with theoretical conversion‘coeffiéients.l6‘ The multiﬁolarities of
the observed Y.réys with energies between 218 and 320 keV are probably either -
El or Ml. As a fule these have a negligible effect in the transition intensity

balance and we have used average values for the El1 and M1 theoretical conversion

coefficientsl6 to calculate the transition intensities.

[

Ground state. It has been previously reported that essentially all of
| .

the beta decay processes go through the 84 keV level.12 -Although our measure-

ments alone can be used to deduée relative beta intensities to the levels in

2 ' _ .
31Pa from 84 keV and higher, they shed very little light on the beta populations

to the low lying states., If we combine our value of the fraction of the 84,17 keV

level which de-exéites by the 84,17 keV photon, . 7.0 * 0.3%, and the value found
by Asarovgﬁ_gifl2.for the intensity of the 84 keV photén per beta decay,

7.2 * 1%, we can obtain limits on the beta populations_fo the low lying states
in 231Pa. The abundance of the betsa transitions which bjpass fhe 8h.;7 keV
state is then -3 * 14% or < 11% of those transitions which eventﬁally feed the
84,17 kéV level., From the decay scheme, the Yy transiﬁions which bypass the
84.17 keV stéte amount to v 1%. Therefore the totalabéta populétion to. the

ground and first three excited states should be less than 10% of the betas

which feed the 84,17 keV level.




9.3 keV state. The beta population must be less than 10% to this level

as discussed above. The 68.5 keV transition populating this state has only

13,14,15

been observed by its conversion electrons. The relative intensity (0.6%) of

the conversion electrons of this transition to those of the 58.5 keV transition

was taken from Hollander SE.E£'13

The depopulation of this state is 0.5%
plus any direct beta population, and therefore is less than 10%. The 9.3 keV

transition has not been detected yet.

- 58,47 keV state. As given earlier in the ground state section, thg beta
population to_this state is less fhan 10%. There are two bther ways of
determining this abundance. From tﬁe coincidence measurements with the
72.66, 81.18, 89.94, and 163.16 keV Y rays as gates thé‘éverage ratio between the
abundances of the 58.3 and 84.2 keV Yy fays was T.7 i-l.O%., Any direct beta
population to the 58.47 keV level or transition populations which bypass the
8hfl7 keV state will cause this ratio to be larger in the singles measurement.
From the singles value of 7.2 % 0.7%, the‘beta population‘feeding the 58.U47 keV
state while bypéssing the 8L.1T keV level is =7 * 17% of the decay to the
58.47 keV state. As the 58.47 keV transition represents 80% of the total
decay, ﬁhe maximum sbundance of direct beta decay to the 58.L47 keV state is
8% for two standard deviations.

| A third way of detérmining the maximum beta abundance is from the
transition intensity balance. The total transition intehsity out of the state
is T9%. The major input transition is the 25.65 keV ﬁransition. Although this

transition;probably has a small anomaly12 in its LI’ LiI"MI’ and MII conversion

2
coefficients, the ratios of total L to L11125 and total M to MIIIl3’ > con=-

version coefficients are only about 3% smaller than the theoretical values.
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We assume a conversion coefficient of 4.18 which is 97% of the theoretical

value for the 25,65 keV transition. The difference between the 25.65 and

58.47 keV transition intensities is 6.9 * 9% or < 16% for two standard
-deviations. This limitation applies to the sum of any direct beta decay and
also population of the 77.8 keV state followed by de-excitation of a 19.3 keV

transition.

15

Baranov has reported electrons of a 19.8 keV transition but did not

give any intensity information. Hollander g}_g£.13

found unassigned lines which

could correspond to M

I
. 231 . . . . 231 .
in Th decay, but did not observe these lines in U decay in a wesker

OI’ and N conversion electrons‘of a 19.14 keV transition

I’

exposure. The abundance of this transition is >'0.5% if the M; line is cor-

rectly assigned, and > 4.5% if the O, is correctly assigned. The upper limit

I

comes from the intensity balance ‘and is < 16% just as discussed in the preceding

paragraph.

77.8 keV state. The direct beta popuiation isvleSs than 10% as given
earlier in the ground state section. From the intensitj balance, the unobéerved
6.4 keV transition should have an intensity of < 17%, buf a better limit will be
obtained below,.

84.17 keV state. From our value of the 84,17 keV y-ray intensity,

7.0 + 0.3%, per population.to the.8h.17 keV level; the gonversion coefficient
of the 84.17 keV ¥y ray, 2.8, previously measured;12 our ratio betﬁeen the
intensities of the-8h.17 and 25;65 keV Y reys, and the conversion coefficient
of 4.18 for the 25.65 keV Y ray discussed earlier; 100 * il% of‘.the 84.17 keV
state decéys by 84.17 and 25;65 keV transitions. No 6.& keV transition to

the T7.8 keV state has been observed, and from the intensity balance its
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abundance is < li%; The sbundance of the 17.21 and 18;13vkeV :

transitions will be discussed under the 101.38 and 102.30 keV levels respectively.
The beta populétidn to the 84,17 keV level from. the intensity balance is ~ 63%,
ﬁith a large effor.reflecting the uncertainty in the abundance of the‘17.2l'keV
transition,

101,38 keV state. The beta population to this level can be crudely

determined from the abundance of the 42.6 keV Y ray in coincidence with the
82.02 keV transition. This calculated beta populafioﬁ, li%, is only approximate
because of the large statistical error in ﬁhe coincidenéevmeaSurement. For x
one standard deviation, the calculated beta population vgries from 5% to 27%.
The abundance of a possible 0.9 keV trénsition from the.102.30 keV level will

be discussed in‘that section. The 1T7.21 keV transition has an abundance of

17% from the intensity balance, but with a large uncertainty reflecting that

in the beta popﬁlation.

102,30 keV state. The abundance pf the 102.30 keV Yy rsy in the 218 keV
Y=Y coincidenceleXperimenf was 3.0 * 0.4%. This value together with the |
singles iﬁtenéity leads to a total populatioh,of 15 t.3%f  The abundance of the
Y transitions feeding this level is 9.3%_which leaves a-béta population of
6 i.3%. The abundance of the 18.13 plus-O;9 keV transifions is then 15 * 3%
as the other y-ray transitions de-exciting the level havé small intensities. The
maximum abundanée-of the 0.9 keV transition may be inferred from the work of

3 who observed electrons of the 17.21 keV transition

Hollander gg_gl.l
. . 231 . 231 - '
prominently in Th decay but not in U decay, although the 18.13 keV

transition was even more prominent in the latter case., As the O lines of

the 18,13 keV transition were observed and the M lines of the 17.21 keV transi-

tions were not seen, we assume the 0.9 keV transition to be less than 10% of

the total, or < 1.5%. No electrons of the 0.9 keV transition have yet been observed.
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174.10 keV state. The intensity of the Ll keV y ray will be discussed

under the 218 keV level, Thevintensity of the direct beta decay which populates
this state is obtained from the intensity balance of the transitions, and the

error reflects that in the LL4 keV transition.

183.47 keV state. The intensity of the 63.8 keV transition will be
discussed under the 247.33 keV level. The sbundance of tﬁe beta decay to -this
level is detgrmined from the transition -intensity balance. The error feflects
the uncertainty in the y-ray singles intensitiés.

218.22 keV state. The abundance of the 44 keV Y ray in coincidence

with the 89.94 keV Yy ray was 0.24 * 0.16%, This is presumably an M1 + E2
rotational transition. We have used a conversion coefficient of (100 * 30)
which assumes the transition to be predominantly M1 wiﬁh anlMl-E2 mixing ratio
for electrons edual to that found for the 63.8 keV rotational transition by
Holtz.lh The abundance of the Ll keV transition is then 0.40 % 0.4%. The
beta abundance to this level was obtained from the tramnsition intensity balance
and the error reflects the uncertainty in the intensity of the Ll keV transition.

247.33 keV state. The abundance of the 63.7 keV Yy ray in coincidence

with the (81.18 * 82,02) keV .y rays was 0.30 * 0.06%. ‘From the relative L
subshell intensities of Holtz for this Ml + E2 transition and theoretical
conversion coefficiehtsl6 we calculated a conversion coefficient of 19. The
sbundance of the 63.7 keV transition is then 0.9k # 0.18%. The beta sbundance
to this level was obtained from the transition intensify balance. The efror

reflects the uncertainty in the y-ray singles measuremeht.
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IX. CORIOLIS‘EFFECTS

In S, G..Nilsson's27 treatment of singie'particle states in deformed
nuclei, two inferactions, which sometimes are promineht;:were not included.
Onevof them, the Coriolis interaction, was treated inifially b& Kerman28 in
his study of the_énergy lefels of l83W and has been obsérVed extensivély in
heavy nucléi. The other involves an intéraction Eetweéh states whose principal
quantum numbers differ by 2 and has also been observed but less often.

The Coriolis interaction occurs betﬁeén_statéé_with the same sbin and
parity but vhose K quantum numbers differ by *1. The magnitude of the inter-
action depends on the strength of the interaction matrixrelement and the energy
spacing of the interactiné states, The effect of the interaction is to alter
the energiés of the levels, and to introduce impurities in the wave function,

This latter effect will influence o, B, and Y transition probabilities.

a. _Enetgy Levels. A Coriolis calculation was‘made of the expected
energies of the observed even parity states considering the iﬂteractionvbetween
the 1/2 + (651), 3/2 + (65_1),_ 5/2 + (642), T/2 + (633) and 9/2 + (624) orbitals.
The secular equations for each spin were solved by_usiné 8 computer.program
BETABLE written by Thomas P. Clements of this laboratofy. This program sblved
the secular determinants for all the spin 'w/;alues involved, simultaneously

“adjusting all the parameters until a_léast squaresbfiﬁ té fhe experimental
energy levels wﬁs made. The program also gives the admixtures in the wave
functions for the final fit.

The energies of the unperturbed quasi-particle étatesﬂwere obtained

with thevfollowing equation:29

E‘i = \/(ei -2+ 42 | " (1)
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where Ei are the Nilsson single particle energieé,27 2A is the even-even energy

Zap and A ig the énergy of the Fermi surface. We usea interpolated»Nilséon
eigenvalues €; for a deformation of § = 0.23.and a value of 6;63 for A.» The
eﬁergy of the Fermi surface was selected as 100 keV sbove the ground.state energy
to obtain 30.keV between the 3/2 + (651) and 5/2 + (6k42) o}bitals. This gave a
Coriolis intefactibn between these’orbitals strong‘enbugh to invert the spin.
3/2, 5/2, and T/2 members of the 3/2 + (651) rotational band.
The 1/2 + (660) orbital was predicted to be éQO keV above the

3/é + (651). We used, however, in our caléulaﬁions alvalue of 400 keV since
we should have detected the state if it were as low‘in energy as éOO keV.i

. Once the calculation was perféfmed, thé progfam'hormalized the final
perturbed energieé for the best fit to fhe lowest energy stéte, which in this
case was the 84,17 keV level. We fit the 101.38, 102.30, 111.62, 183.h47,
and 247.33 keV_states using the following variable bafameters:

h2/2€1, the rotational constant;
the decoupling constant éf the 1/2 + (660) rotational band;

8y /2°

A , the Coriolis matrix element between the 1/2 + (660) and

3/2 + (651) orbitals;

A , the Coriolis matrix element between the 3/2 + (651) and
3/2,5/2 ; .

5/2 + (642) orbitals;

E5/2’ energy of the unperturbed 5/2 + (642) orbital.

" With five unknown energies and five variableé, the calculation of L

course gave exact agreement. The fitted values of the parameters, however, were
reasonable when compared to theoretical expectations as shown in Table VII, The
theoretical Coriolis matrix elements used here were calculated from Nilsson type

wave functions by Bunker and Reich.30 The reduction in the fitted values for



and A are not unusual as reduction factors of up to 2 or 3,

A3/2,5/2 1/2,3/2 ‘
possibly due to pairing correlations, are normally found fdr interactions
between states near the Fermi surface.?’l’32 |

The value.3.7 for the'decqupling parameter of the i/2 + (660) rotational
band is smaller than the theoretical value 6.5, but similar to the experimental

159Gd.

value of 4.5 reported by Borggreeﬁ 23'21,33 for the séme orbital in
It should be noted that this set of final values of the parameters
is not unique; that is, fhe same energy levels can be reproduced using differenti
set of values for the pérameters‘which were not varied‘ih the calculation. This
set, howevér, is the best‘that can be obtained with the present experimental
data and shouid be adequate for calculation of a, B, and y transition
probabilities. In Table VIII are tabulated the calculated admixtures of the
various Nilsson orbitals in the wave functions of the.states Just discussed.
b. Geamma-Ray Transition Probabilities. Electromagnetic transition

rates in 231?& are expected to be influenced by the strong Coriolis coupling

between the even parity rotational bands.

We haVé calculated the reduced transition probability of_the Ml-Y rays
which. de-excite the 183.47 and 247.33 keV states taking into account the effect
of the.Cofiolis mixing of the rotational bands. In this éase, the M1 reduced

transition probability is given by:

| 2
B(ML,I » I') = i%ﬁ' (g%z) E: & Dy [(T 1K K'-K|T 1 1K)
. KK!

I'+ 1
) K

x GML(K -~ K') + (-1 x (I 1 K=K'-K|T1I'-K') x GML(K + -K")]

K X!

12
X (Ug Uy + V V. )I
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where a, and b are the admixtures in the wave functions of the upper and

K | K!
lower states respectively and they are given in Table VIII; GML(K » %K') are
the y-transition single particle matrix elements,27 UK'and VK' the pairing

29

coefficients, and the quantities in brackets are Clebsch-Gordon coefficients.

The matrix elements GM1(K - #K') were calculated with the formulas
given in Ref. 27 using the gyromagnetic factors gy = 1, gﬁ =Z/A = 0.39 and
&g = 0.6 83. free = 3.35. The Nilsson coefficients a,p in the uncqupled basls
were obtained from those given by Davidson3§ for proton states in the coupled
representation (C..).

| Jh o

The pairing factors (UKUK' + VKVK,) are all equal to unity except those

which correspond to the K = 1/2 and 3/2 rotational bands, i.e.

(U pUs/0 + Yy oV3/5) and (U U, + v3/2v5/2). As the correction of the
Coriolis matrix elements for the pairing correlation effect is the same as
for M1 transition probabilities,29 the pairihg factors mentioned above are given
by the ratio between the Coriolis matrix elements'used'in'the best fit and the
theoretical values. These factors are respectively 0.73 and 0.38.

Our calculated branching ratios considering both pure (column 3) and
mixed (column 4) rotational bands are compared with thevegperimental results
in Table IX. The E2 componeﬁt of the 99.30 keV Y ray was found to be v 65%

from the LI/L " subshell ratio given in Ref. 1L, and this component was

I1T
removed from the experimental branching ratio. The calculation was performed

with a computer prdgram MIXING.35

. The four experimental ratios shown in Table IX agree much better with
the theoretical values deduced from the mixed wave functions than with the Clebsch-

Gordan coefficient ratios (pure wave functions). The discrepancy of a factor of

4 between theory and experiment for the ratio of B /B however, indicates

135.7'7163*

the need for further improvement in the wave functions.
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c. Alpha-Particle Transition Probabilities. The ground state alpha

“

decay redﬁced tranSitioﬁ probabilities fof nuclides with efen number of neutrons
and protons follow closely to theoretical expectations and are normally described
as unhindered alpha decay.36 Although odd mass alpha eﬁiiters often have

alphé transition'probabilities which are highly hindeféd,vin'those cases

where the parént and daughter states have the same singlé particle configﬁration
this hindrance is usually about a factor of only 1 or 2, .These transi-

tions are called favored. In some nuclei other states may interact.stronglyv
with the favored ievels and hence contain admixtures of them and likewise

receive a substantial alpha population.
235Np o decay demonstrates this type of interaction as the alpha
populations to the 84,17 and 183,47 keV states each have a low hindrance factor

of about 4.3. _These states interact strongly by the Coriolis interaction and

have rather impure wave functions. We have used an equation similar to that

used by Pilger, gE_g;.BT in the o decay of 35U to calculate the expected

hindrance factors:

1, kT, (I; LKOJI; LI K, )
- s (3)

HFL(eue)

1.1y ( v
HF N
: 1=0,2,k4 K=3/2,5/2

where HF is the hihdrance factor for the a decay to states strongly
perturbed by the'Coriolis intéraétion, N is a factor generally between 1 and 2
which éxpresSes the hindrance of the favored transition over the even-even
value, 8y a;e the admixtures of K = 3/2 and K = 5/2 in the parent and dgughter.
states, HFL(e-e) are the hindrance factors from the gdjacént even—even nuclei
for L =0, 2, k4 élpha waves with respective values of l.d; 1.18, and 35, and

the quantity in brackets is a Clebsch Gordan coefficient.
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Althougﬁ this equation ignores\unfaVoredldecay bétﬁeen:statgs of‘_
‘different Nilss§n édnfiguration, the only transition of conqern‘here is that
between ﬁhe K = 3/2 and K = 5/2 rotational bands. Poggenburg38 hasﬂshdﬁh
that 'is expected to be hindéred by sbout a factor of 400 so it would only be
of majbr concern in‘the_alﬁha population to the spinv3/2 state at 102,30 keV.

The values for ﬁhe admixtures in the daughter nucleus were taken from
Tablé VIII. As the paren; admixture of K = 3/2 is unknown, we calculated
abundances using admixtures éf 0.1 and 0.2 of K = 3/2 respectivély in the
parent nucléus. The calculated and experimeﬂtal hindrance factors'are shown
in Table X.

The agreement here is about sas éood as one generally obtains in a

37

Coriolis calculation™' of g-decay probabilities, The failure of an exact

quantitative agreeﬁent probably lies not only in the uncertainties in the
Coriolis admixtureé in the parent nucleus and the neglect of the less prominent
intrinsic decays but in a partial failure38 of the Bohr, Froman, and Mottelson

36 |

model.

d. Beta-Decay Transition Probabilities. In Table X ére shown the experimental

£t values for the even parity states in 231Pa populated in the B decay of 231Th, and the
relative values calculated with pure and Coriolis-mixed wave funétions.. The

equations used for the calculations were, respectively:

1 2 _ 2
= GKin(?/Q 1K, K, - Ki|5/2 1I,K,)

and

z: a G U €5/21 K. K, - K, [5/21 1K) (%)




f is the integrated Fermi function, t is the partial f-decay half-life

23

Ki for the lTh‘ground state is 5/2, G are proportional to thé B-decay

Kin

matrix elements between the states Ki and Kf5 UKf are the pairing céefficients
for the final-stat‘,.es,vaKf are the Coriolis édmixtures_taken f?om Table VIII,
and the other quantities are described in part a) of this section.

We considered the Fermi interaction tb be negligiblq?g, and for pureb
Gamow-Teller allowed transitions the GKin'could then be calculated from
Nilsson equatiohszT for M1 electromagnetic transition_prbbabilities. The
calculated values for G3/2’3/2, G3/2,5/2,1and»G5/2’7/2.ar§ 0.307, 0.721, anq 1.05
respectively. ' The values of U3/2 and U5/2 are 0,57 apdv0.98 respectively and
are determined'from the ratios of the expefimental ft values to the 102.3 and
183.4 keV staﬁég fogether with the pairing factof 0.38;,di§cussed.in Sec. IX.b.
Y7/2

Fermi surface.

was taken as unity for the K = T/2 particle state which lies far from the

The beta population to the 102.30 keV state, which is not Coriolis-
admixed with higher K values, agrees well with the valﬁe'calculated with pure
wave functions;_ﬁhile the populations to the 101.38 and 84.17 keV states, which
are strongly Coriolis-admiked with higher K wvalues, are @uéﬁ.higher. The géree—
ment is much better with the Coriolis-mixed wave functiéns.which include
paifing correlation. The disérepancies in the values for the 84.1T7 and 101.38 keV
states may be due in part to thé experimentél uncertaintj in the way the Ti4%

beta population to these two states is divided.
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o X. CONCLUSIONS AND SUGGESTIQNS

1. Nilsson level assignments have been made for thfee low lying
rotationai bands~in 231?5 in addition to the previbusly'aésigned ground étate
rotational band. | | |

2. fhe.enérgy spacings invtwo of the even parity rotational bands
have been'explained'in terms of Coriolis interactions, and Cofiolis admi xtures .
were determined for each observe? state,

3. Theba—particle, B- and y-ray transition probabilities
to even parity levels in 231Pa. were calculated with the mixed wave functions,>
and these results explained what otherwise would havebbeen very.anomalous
experimental values.

4., More precise values of experimental intensitiesbare needed for
low energy electrons iﬁ order to:better evaluate the effecf of the Coriolis
interaction in 231Th B-decay intensities. Quantitative iﬁtensity measure-
ments of the low energy 231Th conversion electron speqfrum would be helpful
especially for the 17.3 keV transition and also the exéécted 19.3, 9.3, and
6.4 kev fransitions.

5. The 23OTh(a,t)23lPa reaction may give‘the'energies of the unobserved
1/2 + (660) and T/2 + (633) orbitals. This would permit a more precise determination
of the Coriolié admixtures and perhaps resolve the discrépancies betweén theory and

experiment in the value of the 1/2 + (660) decoupling parameter and

the ratio of the intensities between the 135.77 -and 163.16 keV y rays.
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TABLE I. oa-particle groups émitted,by Np.
PRESENT WORK pREVIOUS WORK'10)
a—particle Excitéd state Abundance Hindrance ExcitédFState 'Abundanée‘ Hindrance
energy (MeV) energy (keV) (%) | factor enérgy (keV) (2) factor
5.105%0.003 0 1.5%0.2 5.1x10° 0 3.8 2.5%x10°
5.097+0.003 8 Q.2 3.4x103
5.04810.002 58 1.8+0.3 1.8%x10°
5.022+0.002 8l 538 4.3 8l 83.6 3.3
5.004+0.00k 103 2k 28 T
4.994+0.00k4 113 6 2.5%x10
4.937£0.006 171 0.6 1.0%10° o
L4.922+0.002 186 11.5%0.5 L.y 176 11.8 6.1
L4.859+0.003 250 0.70.1 2.7%x10 238 0.8 3.5%10
4 007 304 0.1 8x10

.806*0.

2

Fu
i

_é“s
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TABLE II. Y rays measured in coincidence with Np o particles.
o v _ _Intensity
Y-ray energy o gate Intensity per a o group per o group
(keV) (keV) gate (%) '
58.5+0.4 - Og6), 7% 0.610.2
81.2+40.2 1.5+0.1
84.240.1 6.920.4
92.2+0.4 2 0.10+0.05"
102.2+0.4 0.30+0.06
110.8#0.4 0.09+0.03
125+1 0.0710.03
165+1 " 0.05+0.03
185+1 0.04+0.03
‘ (1) ,
58.5+0.4 _ 0y 37% 0.72+0.2kL | oy 570, 0.75+0.25
8h.2+0.2 6.4+0.5 a113*a8h 6.7+0.5
' (2) S
81.2¢9.3 a186+a171 1142 a186 1643
814.2:0.2* 6.4+0.8 a18_6 6.420.8
92.4+0.47 7 1.0%0.5 :
102.8+0.4 1.2+0.4
110.8+0.6 Q.8i0.3 'a171' 2741k
12632 ? 0.3#0.2 a186 0.4+0.3

(1) Gate composition: dO(E%), a

. (2) Gate composition: all3

*
Not shown in Fig. l-c.

+a8u(25#3%),

55(2%), 0y 70, (96%) |

(v3%)

(3il%)3 u186(69t3%)3 0'250

%7
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Tabie IIT. 231Th.y—ra,'y energies and relative intensities.

This work

Previous Work

1k

Energy ' Relative Energy Relative Multipo-
(kéV) | intensity (keV)+T intensity larity®
17.217
| 18.07"
(25.65)* _ 202  £20 25.6 o El
42. 80+0. 06 0.87£0.10 42.8 0.7
4h.1 o, 3T 0.06%0.0k o
58.47+0.05 7.2 #0.7 58. 54 6 E2
63.7 +0.2fF 0.68+0.1k 63.79" | Mi+E2
68.50" ) E2
T72.66+0.06 L.o +0.4 T2.7 3.k
73.0 t0.17F 0.100.0k
o 76.047
81.18+0.05 : 1.2 #1 81.22 13 M
82.02+0.06 ‘ T.2 0. 82.07 :?, M
(84.17)F 100 84. 20 100 El
89.94£0.05 15.3 £1.5 89.94 15 E1
92.2310.05(Pa—Ka2) 0 +0.6 ’
93.0 #0.1 , 0.50+0.05 E1##
95.87to.os(Pa-Kal)' 10.3 t1. |
99.30%0.05 | 2.1 *0 99.27 2.1 E2+M1
102.30%0.05 © 6.7 0. 102.2 7 E1
105.73%0.10 0.1k4+0.02 ,
106.58+0.10 0.34+0.0b 106.8 0.3k
107.62£0.10(Pa-Kg ) 1.2940.14
108.h9to.1o(Pa-KBi+KB') 2.143#0.24
111.59t0.10(Pa-K82) 0.9 0.1 ,
112.46+0.10(Pa~K + 0) 0.34+0.0k4 112.6 0.29
115.5 *0.2 0.0L4+0.01 115.42 :0.03
116.91+0.05 0.39+0.0k 116.8 0.38 El
125.10%0.05 0.95%0.09 “12kh.9 1.0

(continued)
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Table III (continued)’

This wdrk ‘ . | Previous worklu
Energy‘ Relative Energy Relative Multipo-
(keV) intensity (keV)++ intensity = larity%
13L4.1440.08 0.k2  +0.05 134.0 R
135.77+0.06 1.3 0.1 - 135.66 .3 M1
136.78+0.20 0.09 +0.03 ' -
145.15£0. 30 0.12 +0.03
146.00+0. 07 0.58 +0.06 145.90 0.5 M
© 163.16+0.06 2.6 0.3 163.10 -F M1
16k4.94+0.10 0.06 *0.03 164, 7 1 0:13
169.58+0.10 0.03 +0.01 o
174.19#0.08 - . 0.31 #0.03 17h.1 0.29
183.k720.07 0.57 *0.06 183.4 0.5
188.77£0.20 0.08 0.0l 188.7 ~0.05
218.00%0.07 0.67 +0.07 218.0 0.6
236.17+0.07 0.18 #0.02 236.1 . 0.13
240. 4 #0.2 0.0050+0. 0005
242.6 0.1 0.0130+0.0006
249.8 0.3 °  0.010 *0.002 2k9.8 - 0.017
. 250.5 0.3 0.011 *0.002 .
267.80+0.07 -~ 0.0230%0.0006 267;8 ‘0.02 i
308.9 *0.3 0.008 +0.001 ' ' |
311.0 #0.1 0.054% +0.005
318.0 0.4 0.0020+0.0002
320.2 +0.3 0.0035%0.0003
(13)

Only observed'in electron spectroscopy by Hollander, ‘et al.

-t.
*Holtz did not report K X-ray energies and abundances. He interpreted the
R .

112.6 keV radiation as a y ray.

*Energles in parenthesis were used as standards and taken from ref. (13).
**Thesé Y rays were only observed by us in coincidence experiments.
*From references 13 and 1b.

#*¥See section B3.
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TABLE 1IV.

Half lives of Y ré.ys above 200 keV assigned td,

231

Th.

Half life

Y-ray energy*
(keV) (hours)
218.00 35.5 (assumed)
236.17 25.3%0.4

: (2&0.&) : 2242

| 242.6 26.9+1.2
249.8

_ 26.2+1.1
250.5 | ;

' 267.80 :25,510.6
308.9 2ﬁ.912.8
311.0 gs.gto.e

(318.0) 139416

. 29.5%3.0

(320.2)

*

The assignment to 231

somewhat uncertain.

Th of those Y rays in parenthesis is




TABLE V.

21_ . ’ .
3 Th Y=Y coincidence results.

~U6-

Y-ray energy__

Intensity per

Y-ray energy

Intensity per

(keV) Y gate (%) (keV) Y gate (%)
84 keV y-gate 81482 keV _y-gate 1)
63.7%0.2 0.0L48%0.016 h2.6:o.5*_1 0.12+0.10
72.5%0.1 0.4020.16 ' 0.36%0.30 (per Y82)
81.1%0.2 1.12%0.16 58.5%0.1 0.72+0.16
ﬁ 82.1%0.2 0.57%0.12 63.740.2 0.30%0.06
‘ © 89.9%0.1 1.20%0.16 84.2+0.1 8.01.6
| 99.4%0,2 0.16+0.0k4 93.1#0.2 0.15%0.03
" 116.9%0.1 0.032%0.016 B 0.23%0.0L (per'yel)
| : 13k4:1%0.2 0.032%0.016 102.4%0.1 2.1#0.4
‘ 135.7+0.2 0.10#0.04 3.1%0.6 (per Y81)
| 146.0%0.1 0.040%0.016 136.4+0.2 0.05+0.02.
163.1%0.1 0.18%0.05 90 keV y-gate
218.0%0.1 0.05%0.0k 4h.120.3 0.24+0.16
236.3%0.2 0.00T20. 00k  58.50.1 0.56%0.16
73.0%0.1 0.40%0.16
218 ke y-gate 8k4.210.1 7.h#1.2
BY.0%0.1 6.6%0.8 | 12.T+73.0 keV yogste
93.3%0.3 0.38%0.22 58.5%0.2 0.50+0.16
102.10.1 3.0%0.4 72.820.2 0.3620.06(2)
84.2+0.1 6.5%0.8
89.940.1 1.1240.32
102 keV y-gate
81.240.1 7.110.6
137.0%0.3 0.03%0.01
145.240.3 0.0410.01
218.0+0.2 0.32+0.16

Not shown in the spectrum of Fig. hp.
(1) Abundance Y81/Abundance Ygo=2
(2) This intensity has been divided by 2 as the

energy was included in the gate.

b




L %3 W w’ b R SR 53 ‘v’m§ 5
~L7-
231y, |
TABLE VI. Th transition intensity balance,
Energy of ~ Transitions into levels Transitions out of levels ?gf gt'
state(keV) Engrgy(keV) Abundance (%)L Enéfgy(kev) Ab_l.indance(%)l decay
0 = <10 ' > 6.8
9.3 B < 10 > 6.8
68.5 0.5 [9.31(2) [<101(2)
93.0 0.040 ' _ S
308.9 "0.0007
311.0 n0.006
58.47 B~ <8 ‘ > 6.5
25.6 72.5 58.47 T9.4
42.80 0.13 '
115.50 0.0k
125.10 0.084
188.77 0.006
19.3? < 16
7.8 B~ <10 > 6.5
105.23 0.011 68.5 0.6
169.58 0.003 19.37 <16
2ho.h "0.0007
2L2.6 n0.002
v[6.h](2) <11 ' )
84,17 g- 63 } o 5.6
"17.21 1T 25.65 T72.5
18.13 15 8u.17 26.3
89.94 1.2 , [6.4](2) <11
99.30 1.8
163.16 1.2
236.17 n0.02
267.8 0.002
13h.14 0.036
101.38 B~ "1l o 6.3
T2.66 0.36 42.8 10.13
116.9 0.037 17.21 Y
250.5 0.0007 '
1k6.0 0.33
82.02 - L7
| [0.91(2)  [<1.5)(2) -
102.30 B 613 (2) o 6.6
81.18 9.2 [0.9]" [<1.51(2)
218.0 0.1 18.13 15
249.8 "0.001 93.0 ©0.040
102.3

0.53

Continued
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TABLE VI. (Continued)

e . 3 . o Log ft.
Energy of Transitions into levels Transitions out of levels: fof 8

state(keV) Energy(keV) Abundance(%)! Energy(keV) Abundance(%)l decay

174.10 B~ 1.3#0.3 S - 6.8
| 44,0 - 0.4 89.9L 1.2
73.0 0.009 72.66 0.36
115.50 0.0k
, 174.19 0.12
183. 47 B- 14.9+1.7 o 5.66
: 63.8 0.94 81.18 9.2
136.78 . n0.03 82.02 b7
L 99.3 1.8
183.47 0.0kLk
125.10 0.084
: , : 105.73 0.011
218.28 = B~ 0.5%0.4 k.0 - 0.k 6.8
- ‘ 106.58 . 0.026
116.9 0.037
: 134.14 0.036 ,
2kT7.33 BT 3.3%0.4 63.8 0.94 5.73 ‘ !
. 135.77 0.79
146.0 0.33
, 163.16 1.2
| 169.58 0.003
188.77 0.006
73.0 0.009

(1) Abundanées'are per total B-decay processes.

(2) These transitions in brackets were not experimentally observed but inferred.
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TABLE VII. Theoretlcal and fitted values of the parameters used
in the energy level calculation.

Parameteré' ' Fitted value - Theoretical value
*Elp 400 keV : 200 kev
*Ey, - , 0 keV 0 keV
Es /s 34.6 kev | _": 30 keV
*E o 700 keV | - 700 keV
* Eg s 1,732 keV | ' 1,732 keV
AL 3/ -4k4. b keV | .t -60.7 kev
TvA3/2 5/2 -22.4 eV | +f--59.h ker
* Agsn 2o -60 keV . ~ +t 60 keV
* A o/ -52 keV ff.-sz keV
&1 3.7 65
n2/2g | 9.2 kéV - 8 keV *#*

¥ Held constant in the calculation

2
+ AK k1 = P /28 <k+1 | 3, |x>.

++ Using <<K+1|j+|K:> from Ref. 30, and h = 9.2 keV
29

#%* From the even - even adjacent nuclei.




TABLE VIII. Admixtures in the wave functions of observed even-parity states in 231py

—

Admixtures
Energy _ L ' ‘
(keV) Spin 9/2 + (62k) 7/2 + (633) 5/2 + (642) - 3/2 + (651) - 1/2 + (660)
8L.17 5/2 0 o~. - '0.667 ' 0.765 | 0.217
101.38 7/2 0 0.162 0.709 0.668 -~ 0.156
102.30 3/2 0 0 0 - 0.990 | 0.138
111.62 9/2 o 0.0189 . 0.209 ~ 0.65k4 0.665 0.292
183.47 572 o0 o 0.794 ~0.571 -0.210
- 2b7.33 7/2 0 0.190 0.660 -0.700 ~ -0.205

_Og—



TABLE IX. Reduced Ml electromagnetic transition probability:ratios'for even
parity states in 23!Pa, '

o Theoretical value - ' Experimental
Byf/Byf' L= IosIa Pure state Mixed state value
Bg,/Bgy 5/2 7/2,3/2 0.071k ~0.29 ,  ._. 0.49 * 0.07
B99/B81 5/2 5/2,3/2 vo.h28. 0.01 I ' 0.02
Biys.1/Brgy  T/29/2,5/2 0.156 0.22 0.87 + 0.12
By 1g/B163 1/2 1/2,5/2 0.71 0.30 0.31 %0.05




TABLE X. Experimental and theoretical a-decay hindrance factors and B-decay ft values for even parity
- states in 231Pa.‘ »

Level energy| Spin| Experimental o, |Calculated o hindrance factor Experimental Calculated B (ftXlO‘S)
(keV) hindrance factor a3/2=0.1,N=2.h2 a3/2=0.2,N=2.87 B( ££x10-5) Pure state Mixed statel2
8h.17 | 5/2. 4.3 5.7, 4.3 "3 63" 5.5+0.2

101.38 T/2 T 14 11 20 381 L.7+0.1
102.30  |3/2 >420 1,109 251 hotig 27 40 (norm)
111.62 9/2 25 38 27 ' ,
183.47 5/2 L. 4 4.4 (norm) 4.4 (norm) L.6£0.5 4.6(norm)| 4.6 (norm)
247.33 T/2 27 22 23 5.4%0.6 11.5 5.6%0.3
30k 9/2 80 62 75

(a) The listed errors reflect only the uncertainty in U3/2 and U5/2 caused by the experimental errors

in the B populations to the 102.30 and 183.47 keV levels.

_ag_
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FIGURE CAPTIONS

Fig. 1. a) 235Np O~particle spectrum.

c),235

a > ao) - Y coincidence spectrum.

30k

Np](all3 > ao) - Y coincidence spectrum.

235 N
d) Np (a186 > al71) - Y coincidence spectrum.

—————— accidental spectrum due to U-KX rays from the electron-
capture decay of 235Np.
Fig. 2. 231Th Y-ray singles spectrum,
N ) 231, - . |
Fig. 3. Portion of h y-ray spectrum from Fig. 2 shown in greater
detail.
Fig. k. 231y, Y-Y coincidence spectra.
a) (YSM-Y) coincidence spectrum,
b) (Y, q=Y) coincidence spectrum.
218 : .
c) ((Y81v+ Y82)-Y) coincidence spectrum.
(*) Peaks due to accidental coincidences and/or coincidences with the
Compton tails of higher energy Y rays contained in the gate.
‘Fig. 5. 231Th Y-Y coincidence spectra.
a) (YlOQ-Y) coincidence spectrum.

) (Yqp.q

c) (Y9O-Y) coincidence spectrum.

-Y) coincidence spectrum.

(*) Peaks due to accidental coincidences and/or coincidences with the

Compton tails of higher energy Y rayé contained in the gate.’

235

Fig. 6. Np alpha decay scheme.

Fig. T. 231Th decay scheme,
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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