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ABSTRACT
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“"Energy Levels of Np?“T Populated by Beta Decay of U

~J. 0. Rasmussen, ¥, L, Canaven, and J. M, Hollander

A spectroscopic investigation has been made of the radiations

fromU_zBT with magnetic 160° spectrographs and & double-focusing

" spectrometer, and with scintillation and coincidence spectrometers,

‘Boergy levels are ildentified at 0, 33.20, 59.57, 103.0, 267.5, 332.3,

368.5, and 370.9 kev, and spin and parity assigmments are given for
all the levels from the’gamna ray multipolarity and beta decay

information. . Conversion coefficient information is presented, and

an ancualy in the electiric dipole conversion coefficients is dis-
‘cussed@. A néw rotational band with X = 1/2 is postulated, with base

. state at 332.3 kev,

Correlations of the data with vericus espects cf the Bohr-
Mottelson nuclear wmodel are mede, in the folloving categories:

(1) Energy level spacings and mcments of inertia. (2) Cemme-

.ray relative intensities and the K-selection rules and branching

ratio rules. {3) <Correlations of spins end parities with the

' . Nilsson numbers (N, né, A) of these states. (4) Correlation of

beta and geima lifetimes with selection rules, in the asymptotic

guantum numbers.
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ENERGY IEVELS OF HNp POPULATED BY THE BETA DECAY OF U

J. 0. Rasmussen, F. L. Canavan, and J. M., Hollander
Rediation Laboratory and Department of Chemistry
University of California, Berkeley, California

February 26,}1957
y ' VRN ~

INTRODUCTION

The energy levels of szJ? are significant from the point of
view of the Bohr-Mottelson nuclear model for spheroidal nuclei because
of the appedrance of two rotationai bands near the ground state with

gquite different moments of inertis and maghetic moments.l Studies of

these states populated by alpha decay of Amzkl.hawe been carried out

by several investigators,l—8 and a review of their properties has

9

been given by Perlman end Rasmussen” in their paper on alphe decay.

It has been demonstrated that such properties as moments of

inertis end wagnetic moments can be affected by the presence of higher-

lying states of similar_ccnfiguration,lo’ll Hence, in order to form
a more complete picture of the energy levels of szj?, it is of
' a37

interest to examine the higher excited states of Kp which are
, states vhich are only very

populated by the beta-decay of U237
weakly-éxcited by the alpha decay of Amaul:and not at all by the

electron-capiure decay of Puz37 because of its low disintegration
’ 12,13

energy., T . _
oo ) o 1
The study of y237 by Wagner, €§ al, b
decay of this nuclide populates primg}ily ad excited.gtate of Fp

269 kev; their results have been confirmed and extended by the recent

15 in which multipolarity

-bhas indicated that the beta
a3t at

work on U237 by Baranov and Shlyagin
information aebout several of the gammé rays is presented, The present
study had as its objectives a more precise measuremént cf the ené:gies
of the U23T gémma rays and the detérmination of the multipolarities,
intensities, and coincidences of the gamua rays so that the previous

1,16 of the properties of N9237

comparisons with predictions of current
nuclear models could be extended to include the higher excited states,
As 8 result of our studies several modifications of the earlier decay

schemes seem necessary,
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. Subsequent to the first writing of the present paper there has
come to our attention the detailed beta spectroscopic and coincidence
17

We have not attempted

to obtain arid compare in detail their results'except for the summary

30

i_information gppearing in an dbstract, X meir measurement of the life-

time of the 267.5-kev level as 5.b t O, 5 % 10 - 9 ec, is & most important

'.piece of new informstion. The chief similarities and differences in
the recent studies will be made clear by the comparison of raporued

gamma transition energLea in Table ii.

PREPARATION OF SAMPLES _ '

- 237 . . , ‘

The U“’7 samples were prepared. by one-day irradiations of
approximately lOO ugram amounts. of U236 in the Matérials Testing Reactor

at Arco, Idaho at a flux of ~2 x 10t 1 neutrons/cm /secona,

The following chemical purification:s of the uranium was carried
out: The target material was'di8olved in 6 M HC1l containing a small
amount of nitrie acid, . A separation of uranium from neptuniumfwaé
then effected by‘péssing the solution thfough a Dowex A-1 anion—exchahge

.column; under thesé conditiéns neptunium is adsorbed by the resin vhile

uranium is not.  Further pu}ification,and concentration of the uranium
s done by extraction into di-ethyl ether from ammonium nitrate
solution followéd by back extraction into water. This solution was
evaporated to dryness, taken up in O, 5 ml of slightly acidified
amnonium oxalate solution (%0 g/1), and then the urenium was electro-

'deposited upon & 10-mil pletinum vire which served as the beta-spectro-
graph source, SouroeS for the other measurements were prepéred
‘similarly, '

The decay of part of one of these sources was followed with
a Géig@T&Mﬁller counter for six half-lives and showed no deviation
from the accepted 56,6~ day half lifm,.l9

ELECTRON SPECTROSCOPY

Measurements were made with the following instruments:

1, The Berkeley perménent-magnet electron spectrographs vere used to
study the conversion electron spectrum of- U%37,  fhege are 180°
photographic recording inotrpmenus which operate at a momentum
resoluticn of ~0.1 percent, Three spectrographs were used, of
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:,ncminai fiéld'strengths'SO,‘lOO ahd.ZlS-géﬁss; The electrons are
recorded on’ 251 Eastman No-Screen eray emulsion on glass backing of
R dimensmona 3/% x.15 x O, ol inche Their calibratxon and operation
hawe been described.by %mith and Ho*lander ZOA o ‘ T

2, The Berkeley double focuszng spectromeuer was used prlmarily to
study the beta eontinuum and to provide addiuional infbrmation about _
» xﬁhe conversion electron spectrum, especially with regard to 1nten51t1es
- of ccnvbrsion lines. Thls ¢n=trument orlglnally built and debcribed
-~ by O'Kalley-zl has recently been 1mproved by the ‘installation of nev
acceptance and Geiger. counter slits so0 that it pre;ently operates at
~0.3 percent resolutlon and ~Q.1 percent transm1531on. These modifi-
cations were carrled ot largelv’by Dr, S. Thulin, .
In Table I we have summarized the conversion electron data
' EXCEPb for the column 1labelled Intensity (double-focu51nv) all. the

data presented in this table were . obtalned with the pernanent megnet
-spectrographs The absolute error of the energy valueo is estimated
" to be less than O, 2%, and for those elgctron lines in the vmcinlty ,
of the internal standard lines the error should be less then 0.1.

Relative 1nten31t1es of" lines recorded in ‘the. permanent- magnet

spectrographs vere m~asured by the densitometer methcd of Sl&tis,zo _
© in which the intensity is given by, I =ap/m, _‘ ‘ o

o where A = height of line x half width,

' p = radius of curvature

N = energy efficlency of emul&lon

ﬂ'

W

Conver31on electron intensitles from bpectra obtained with the
double «focusing spectrometer were measured by 1ntegrat1ng the areas
~under conversion- lin° p»aks with a planlmeter and diviélno by the Hp
value of the line. Although the large number of conversion lines
' obscures con91derable portlons of the beta continuum, & reconstruction
,of the spectrum made from the Férml plot allowed the contribution of
the continuum to be subtracted- out from the total observed spectrum

to obcain the contrlbutlon of the conwer51on llnes‘

Table i1 gives a comparison of some of the ganma tranaitlon

energiea reported in recent electron opectroscopic studies of U 37
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Table I. Converszion electron data for U~-!,

237

- Composite with

43.5 L. line
well resolved from
II line

NI 1 slightly less
in%ense than NI
E

- 25.35 kev

Probebly unresolved

ET = 33.20 kev

o .  Transi- a S
‘Electron . © tion Instru~ _ Visual Intensity Estimate.. Intensity Intensity
Energg ‘ y. Emergy ment PM I PM II - PM TII (densi- (double-
(Kev)*® shell” - {kev) quoted (plate 204) (plate 272) (plate 279) _tometer) focusing) Remarks
20,64 My 26.38 1 W ' :
21.05 Mo ~26.1 I n
23, 914- . MIII 20. 36 1 vw ot
gz.h - My 26.29 I v 43.5 L
k.86 Ny 26.36 I W
25.02 “Nil 26.34 I wm
“ DY 7~ W
25.28 ¥ir1 26.36 I ¢
26.11 0 ~26. 1 I s
0.8l L 33.22 I W
11.65 Ly 33.2h I vV
- 15.6k Lygp 3325 I v broad
BI.Shl fMII 33.20 A m
28. 7. ' FMiII 33.20 I m
A 29.39 - MIV 33.16 I vy
370 - N 33.20 I n
3L.87. . " Ny 33.19 C I vir
32.11 NIII 33.19 . 'I' v
- 32.89 0 ~33,2 - T w broad
33.18 P ~33.3 I vwe
dy
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Toble I (éont'd)

&

Transi-
Electron tion Instru~ Visual IntensitgﬁEstimate Intensity Intensity
Energy Energy ment PMI (densi- (double-
(kev)® ghell” (kev) . quoted {plate 264) Lplate 27:) (plate 279) tometer) focusing) Remarks
205 Ly 43,46 I ‘m Composite with
21}81 | LII' 43,46 I - 26.4 M., lines
25.85 Towy  U43.46 I m
o s o 1 _ Obscured by 59.6 L.
o My ' B line
T Mg —-— I - Obscured by 59.6 Loy
‘ ‘ ' . . line
39 .00 MIIv 153. ’1’-3 » I )7 ]
.- w e 1 . . N end O lines un-
U | - resolved from 6k.9
- 0 -t b . L, and Ly, ‘lines
» ) ’ ' ] = lt
5{.16 Ly 59.57 I vvs . EY 43. 46 kev
37.98 Lpp 5957 I vvs 1370 : 2050
5,96 Ly 9957 L1 vs E 315
53.83 Mg 59.57 - 1 vs - "‘\‘~250(est)
54,21 i 59.57 I Vs 5
e o ot 660
5.1k Merg 59.57 -1 .
55.70 Myt 59.55 ... I W
55.89 Yy - 99.55 ;; A W
58.07 Ny 59.57 I ms | ~7>(est)
58.23 ©  Wyy 5955 . I © ms © A150(est) & 1hk-
58. 47 | Nypp 9955 I W ~50(es1;)
58980’ HIV&-V 59.57 : I ’ ¥
59.30 0 . .~59.6 1 ~ m broad
| P 9.6 1w

B . 59.57'1@

II
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Table (cont'd)

e Transi- : ' o a
Electron tion Instry- Visual Intensity Estimetes Intensity Intensity
. Energy, 4. Energy . ment - PM I P I PM III (densi- {double- .
{kev Shell (kej% quoted (plate 264) (plate 272) (plate 279)  tomster) focusing) Remarks
o | | I o T T L and Lo lines
bz R 6k.82 I wbroud A _ 25(est) Entain Hrand 0
43.17 Loy 64,76 I w broad - ~25 (est) - %ines of 43,5 y,
‘ ‘ o but intensity is
o M o 1 T : : Obscured by O and P
60.46 #&II 64.89 _'I v
63.72 N 65,0 X vt . '
‘ ; B = 6k.8 kev
. ) . . ) Y \
9L.51 . Ly . 113.92 I vy - o
92.36- « Lgp 3395 . L UID Lo v S
96.29 Ly 113.90 I0 e - L . |
o T ._ o e | _ . 'E_ = 113.9 kev
¥5.97 0 K 1646 T wm | %0-s0(est) 22,
k2.2 Ly 1646 o wan : 15.5 } 3130
143.0 Ly 1646 S + S B o 140 J
W6.9 . Lyi 16kS R 5 R ms 6 39
159.2 M 16h6 I | o - 3h } 13
160.1 - M. 185 o v , , 21
lb3.3 'I,‘I‘IIJ(IXI 16};..& _‘I«I wbroad
164 .k 0 ~164.7 It " vw broad '
: o ET‘= 164.6 kev

e
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Table I (cont'd)

Transi- _ _ ’ a _
Electron tion Instrg- Visual Intensity Estimated Intensity Intensity
Energy, 1, Eoergy ment PM I PMII ~  PMIIX (densi- (double-
(kev)”  shell” _ (kev) qguoted - (plate 26h) (plate 272) {plate 279) _tometer) focusing Remarks
89.3 X 207.9 11 ’ wWvs ' 4600 6790
5 6 : ‘ , ' ‘ - o Permanent magnet
185.6 LI 208.0 i vvs» A ;OOO j}]l30 and double focusing
186.4 o Lg 208.0 ©IT ' m .130 intensities norma-
. Il _ R : : L : lized here
190.2 Ly 207.8 I , v : 8. 6.0 .
202.1 ¥y 207.8 11 . s 225 193
202.6 Mo 208.0 II ‘ i '
203.3 Mo,  207.7 LI ‘ v | i -
206.4 N 207.9  IX° om : 75 62
207.7 0 208.0  II ‘m : |
: - ’ ' E = 207.9 kev
| R ro
115.6 K - g3b2 I . . ow 12
211.8 L, o e3h2e I Vv o ' -
) | - E EEC + E = 23L|’02 kev
148.8 K - 267.4 . I - . . om _ 50 - 25
245.1 EI"'4'267;S_" ALEI-. . . - w0 se o7 '};w
245.7 . Lyy o o@epy.  mInoo L w - mo .
' - ’ Coprr L S R : L line masked
T Lyip 0 HI O I L g 33685 1 K 1ine.
261.8 . My 267.:5 - JIX . S ' T m 6.5 7.0 '
266.0 N 267.5 . IIT. - o .
267.3 0 _207.6. »fIII._ S C ,ij _EY - 267;5 Kkev
23,5 K - 332.2  ILIIX .- v Coms 4.9
309.9 . Ly- . 3323 mI - AEEEE 5 |
310.7 . . Ly; 3323 1T - I n .32
3148 Lygp 332  1im o v '
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Pable I (comt'd)

Transi-~

Electron ' tion Instrg— - Visual Intensity Estimatedd Intensity Intensity
Energy p nergy ment CPMI . PM II PM 1II (densi- (Gouble~
ﬂrgkegg Shell (kev) gquoted (plate 264) (plate 272) ' (plate 279) _tometer) focusing) Remarks
e ’ . 2730 D
327.0 MII 332.4 IIX _ | Wi
330.8 Wy 332.1 IIX ‘ ’ gty
. . } Ev = 332.3 kev
216.7 K C335.3 111 S 3.7
312.8 Li ' 335.2 - 111 W
33?-3 0 334.9 CIIX Ve E_ = 335.3 kev
249.9 . K 368.5 111 o 2.2
3h6.3 oL 368.7  1IT . . vu T
252.3.fv : “Kv” 370;9 IIT S : n o .ih.l C B
_3b£.5j":',.“ Ly 370.9, B+ T S w ER - e
- ., ) ; ' Y = 370 9 kev
a. ’Electron energies in italics are those lines used as internal standards. The correbponding gamms ray energies
- were measured by P. P. Day, Phys. Rev. 97, 689 (1955).
b. Electron binding energies have been taken from the compilation of Hill, Church, and Mihelich Rev. Sci. Instr.
_i) 23 (1972) . , .
.e. PMI =30 gausa, PMII = lOO gauas, PM 111 = 215 gauss.
d, s = strong, n = moderate, w = veak, v = very . These estimates are relative only for measurements made in

the same spéctrograph

ﬁnassigned.Lines

E(kev),. Int.~  Instr,
9.99° wvww 1
22.67 wbroad 1
139.6  wvw. = I
200.5 v 1Ix
228.5  vw - III
. LN
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Table i1

'I’ransition energies (kev) reported from recent
electron )ectroscoplc studies of U@

et ol e e
26.35  26.4 _ 26.3
3320 o 333 | o332
4346 L s | 1y
59.57 | 59.7 596
648 S e -
e RN -7 C 3 R
- Gawm
" 113.9 | S ee —
| .- | L 22y L m——
164.6 | .'ilés.k - 165.0
e ~1A93(?)A T
079 zoaiz_f: - 208.h
23h.2 Lo o 258
267.5 2675 o 268.0
332;3 | oo ._‘_,33,1;.'5' LT 3329
3353 e 335.9
368.5 e 369.2
370.9 369.5 37L.5
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Table IIT gives & comparison of @ome of the relative electron

, intensities observed in this work with those reported by Wagner ét al,
and by Baranov and Shlysgin, 15 The intensities of all determinations are
" normalized to 1130 total intensity for LI plus LTI lines of the 208-kev

transition’;. The agreement among the vatrious determinations is only

1k

moderate and probably gives a reallstlc measure of the absolute accuraCJ
of the intensities, For the later sections of this paper Where eleciron
 1ﬁtensitieé ére neéﬁed we use dn average of our double-focusing and 160°
.permanen —magnet inten51t1es, with subshell ratios a5 measured in the
~permanent magnet upeCUrograph

Out of a total of §3 lines observed in the 1&0 upéctrographg, ;
sll but five have been assigned to lk gamma ravs and the K~Buger lines, :
The Auger line energies and intensities are given in Table IV, : a
. A Fermi plot of the beta’ continuum, obtained with the double~ :
_focusing spectrometer, yielaed an e¢nd-point of 248 kev, in good agreement
with the result of Wagner et al., 14 245 kev, and that of Baranov and
" suiyagin,® 249 kev. | .
e A search was made for e spectrum of about hSO kev, corresponding
-to decay to{the’ﬁO-keﬁ level; such a group was not found and an upper
limit on its sbundance per disintegration was set at 1%, Wagner. et al.
 set a much ower limit, < 0.1%, in séaréhing for a 51l-kev beta group,
a limit which should apply to the possible hSO-kev group as well,
wagnera et al._? cite evidence for a lover-energy component in

1

‘the beta spectrum with ebundance between 5 end 20%., Baranov and Shlyaginls;

-intefpret an excess dfielectrons in ‘the low-energy portion of the Fermi

‘plot as dneﬁﬁp.gn_ﬁéhkév spectrum occurring in 26% abundance, The latter
results arelinconéistépt with the present observetions, which indicate

. that the low-energy beta components have a #otal intensity of around .
our figurévié baged no% on a-subtractéd beta spectrum but rather on a ' ;;
i total intensity for all gamma rays which origlnate from levels higher :
than the heavily populaued 267.5- kev leval

. GAMMA RAY SPECTROSCOPY

Gamma ray spectroscopic meaéﬁréments were carried out with s
seintillation spectrometer employingla 1-1/2" diameter by 1" thick
sodium iodide (thallium activated) crystal with a Dumont 6292 photo-
multiplier tube, an Osk Ridge-type double-differentisting linear amplifier,
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* Table IIT

- Comparison of some relative intensity measurements

in decay'of U?37 normalized to LI+LII(208)= 1130.
= Douvle- | =
- ‘ N . Wagner . Baranov and focusing
- Conversion Lines. ... et al. ) Shlyagin ~ spectrometer = P.M.
?I Shell : | L . i |
s L } N | 695
S LH \ 1540 g 2139 Co C 2060 1370
Ly J 352 : 315 35
H 51k 652 660 655
- S 276 | 1 -
16k K e - 5 to 16 --
e ‘}»257 }138 - }130 S
L1 ' - 10
L - 8 ¥ 69
M 31 L 33 5%
208 K S4kg . kOO 6790 1600
oo }1130 - }1130 S }1130 -
Ly T N e | 130
Lz, . - .- o 6.0 8.1
M 308 251 193 225
K . -- 95 62 75
C 267 - K Cee S e 25 50
L, 23 - 11 a7
A - My T e 7.0 6.5
368 K }2 - : 2.0 2.2
370 K - 2.0 b1
g Groups » .
24k : 10280 12550 15000 --
:i <3055 4500 <1200 --

{450) ' <10 none <210 -
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Auger lines from US| decay.

- Visual

-~ com w o - Intensity
Trans;tlon Begg(.'» Ethgpr.a Estimate -
. (&v) ~ '
- K~LI'LI . 73.}114 7351 m
R = M . 7h.25 7h. 2k ms

KL 782 78.26 vm

o Kl - 78f9,5 7904 m
K-Lyyelrry 82.99 . 83.06 - o '
K-L M. Te- 90.5 -~ masked by 207.9

y K~line

%. Bergstrdm and R. D. Hill, A;rkiv Fysik 8, 2, 21 (1954).
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and a Penco 100-chennel pulse-<height analyzer. The Penco analyzer
utilizes pulse-height-to-time conversion and a magnetic-core memory-
storage unit; the analyzer channels have extremely uniform window .
widthé. This equipment yielded 8 5} energy resolution on the 662-
kev gamma ray of 05137. - ‘

Gamma rays of energies 60, 102 (k.x~rays), 163, 208, ~266,
and 332 kev were clearly present, and by cereful study of the spectrum
transmitted through lead absorbers of thicknesses up to S‘gg/cma the
existence of radiation of about °6§ kev energy was shown., Of fhese,
the 163, 266 and 360 kev photons have not been reported previously
from scintllla ion pectroscopj.

Table V lists the measured photon energles, the wmore precise
rcorrespondlng transition energies as determined from the slectron
spectra, aend the photon intensities of Wagner, gﬁjg&.lk and of the
present work, All photon intensities have been normalized to an i
absolute intensity of 38 photons per 100 disintegrationsfor the
60-kev transition, This figure is based upon the absolute abundance
of this gamma ray iﬁ Amaul decay; 37 photons per 100 disintegrations,
weasured by Magnﬁss§n5?3 There arée two corrections applying to the
normalization for USS!, One of these results from the fact thet
approximately U% of”th? U237_disintegrations'(our result) bypass the
»59>64kev state, vhereas virtually all (99.3%) of the AmZhl disinte~
' grations pass threugh it The 6ther cerrection arises becauéé
. about 6% of the 60 kev photon peak 1n u 237 decay consists of another

) gamma ‘ray (6& 9 Lev)
| COINGIDENCE STUDIES

» Gamma?gamma coincidence measurements were carfied out by*Df;
F, Aéaro with apperatus employing'twotl“'thick by l-1/2" dismeter
sodium iodide crystal detectors with Dumont 6292 photomultiplier
tubes, Pulse amplitude discriminatiéh’yaé-made in the "gate" channel
by a ‘single-channel pulse-height analyzer,and the coincidence
spectrun from the other channel was displayéd on a 50-channel pulse-
height analyzer, The coincidence apparatus was operated at a
: resolving time (21) of 3xi0—6 c. '
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Table V
Electromaggetic radiatlon of U237 from scintillation spectra.,
Measured photon Transition energies Photons/loo beta diuintegratiOnsb
© energy {kev) from electron spectra ~ Wagmer et al. This work:
60 . ‘. "v . ) 59.57 ‘b \‘ ) - C
- . SRR , 38 38
» ~ Lo (64.8) ) - ~ ‘ -
BT — . 55
163 T - 3.6
208 o - 207.9 22 . 2k
266 267w - C0.86
332 A € - a
, T , 2.7 1.57
' 335.3 )
~365 - 368.5°
: . ' 4 - - ~0.10
370.9 § '

a. K X—rays.

. b. Relative intensities mormalized to 0.38 59.6-kev + 6k.8-kev photoné
per .disintegration.

"c. From coincidence work, discussed later, it can be determined that the
intensity ratio of 59. 6Jto 64.8-kev photons is 16:1.

d. From coincidence work, discussed later, it can be determined that the
"~ intensity ratio-of 332. j~kev photons is 7.3:1.
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- 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, ¥, In attempting to 1nterpret
| the changes in relative gammé intensities between coincidence and
| "zingles” spectra,ione 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 El gammas explains the
presence of weak (60~kev) coincidences with the 267.k-kev gamma,
In the “singles" gpectrum the peak.at.~332~kév is composed of
332;3? and 335.3-kev photoﬁs; The coincidence measurements with
L x-ray gating can bé.interpreted as showing that the nore ébundant
of these gamma rays (the 332.3-kev) proceeds directly to ground;:
the fact that no ~332-kev peak ié.éeen in coincidence with 60-kev
' photons further indicates that the gemma (in the composite 332-
kev peak) which does not go to ground probably goes to the 33. ,2+kev
first exc1ted state which in turn deeays to ground by a-highly
" L-converted transition. The - numerlcal factors by which these
relatiye-coiﬁcidence intensiﬁies show reduction from "singles”
are as follows: In the 'singleé" spectrum (cf Table V) the ~267~
kev photons have 3.5 percent the intensity of 208-kev photons,
but in coincidence with ~60—kev gemmas the relative intensity of
the ~267 ig reduced by a factor of about 17, to ~0.21 percent,
In the "singles” specfrum.(Table V) the 332-kev photons have 6.k
percent the;inténsity of 208fkevjphotons, but in coincidence with
L x-rays the felativerintensity is reduced a factor of 7, to 0.90
percent, ' A ' !

Qur postulated decay scheme of Fig. 1 is not consistent
with existence of 001ncidenees_betwee?hyalo 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 thet coinc¢idences
of any'~1o5-kev photons ‘with the 208-Kev are less than 0.1% the
coincidence intenolty of 208-kev with 60-kev photons. 1In &
coincidence arrangement -in which the two Nal (T1) detector crystals
view the sample at a‘90° anéle and there is lead shielding between
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. Teble VI
_Results of gomma-gamms coincidence measﬁremén_ts.
Photon "Gate" I Comuident garma rays 3
mev) o (mev)

L x-x’ayé I . x-ray |
| 163 |
208
3P
60 | - .' K x-ray
| 163
208 -

266°

‘a. The coincident gam:a spectrum was not emﬁ.ned
at energieu much below the X x-ray energy. Cnpe
would, ‘of course, éxpect 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 coincidenct, spectrum is much less than




UCRL~-3695

“17-

the detectors-mo 208 - 165 coincidences are seen, although without
'shielding between the detectors a spuriocus coincidence peak similar
to that reported by Wagner,K et él- sppears, The spurious events
probably arise from Compton scattering of ~332Z-kev photons from
one detector to the other. o

A further ‘result of the c01ncidence aeasurements here is
~ the observation that little or none of the ~370-kev radiation is
in coincidence with L x-rays {or 60-kev gammas) Numerically the
limit is such that no more than ~20 percent of ~370-kev photons
observed in the "gingles” gamma spectrum could be in coincidence
with L x-rays.  This result will later be used to support the
proposal for levels at 368.5-kev and 370.9 kev,

CONSTRUCTION OF LEVEL SCHEME

Energy levels of Np 237 at 93 2 kev, 59.6 kev, and 103.0 kev
‘are well known from Amzal alpha-decay studies,l-5 ‘these levels are
~also populated heavily by U/37 beta decay. However, the next
nigher level arising from Am>'' alpha decay, the 158.5-kev state, is
not detectably populateﬂ in 3_37 decag as evidenced by the failure
to. observe the transitions of 99.0 and 35. 6.kev in vhich depopulate
it., Also unobserved 1n the preésent s»udy is the 75 6-kev state
which has been. found by Newtoné from cOulomb excitation studies of

237 ‘ . A
A state is well defined at 267 5t 0.2 kev by the observation

of four transitions whose energiee can be swuned with the accurately

known energies of the low-lying states in ¥p 37. These sums are:
Al6h‘6 +.203.0 = 267{6,_1
207.9 +'v59;6 = 267.5.
23&‘2 + 33.2 = 267 h

267.5 + 0 = 267 5

- The energy of this state had been given by Wagner et al, 1k as 269

kev and by Baranov and Shlyagin15 as 266 kev, The 165+-kev gama

had been observed by;both groups of invesﬁigators, but there had
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_been soume unéertéintyAconCerﬂing'itS'placement in the scheme; this
'unéertainty:is'remova& by the précision of the present énergy
measurements and by the coincidence measurements of the presgent work.

The. next. level observed from U 231 decay lies at 532.3 kev.
Two trans1tions which de-excite thls level are found in the electron
spectrum; thelr measured energies are 6& .9 kev and 332.3 kev, The
corresponding.pho»ons could not be seen unamblguouuly in the
-&Séintillation spéétrum;.the 6&-9-kev‘photon is unobservable.because
of the presence of the much stronger 59.6-kev photon, and the 332'R~
Kev. gamma could not be résolved from the 335.2-kev ganma lknown also
to be present ip‘the seme gamma—ray peak. Our multipolarity data!
however, indicate that the 332.3-kev tramsition is E2 and the 335.2-
kEV transition is . Ml; betsuse of the similerity in experimentel
'Kfelectron'intenSities of the two tfaﬁsitions and because of the
smaller'cohversion coefficients . of Ez'transitions, it seems reason-
able to conclude th_t 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 Sectibn on"coineidence studiea) that most of the ~332~kev
photons,are.ggg_xn‘gqincldence‘either vith 60-kev radistion or with
_:L X¢rags may‘be interpreted as evidenée that the 332,3-kev transition.
proceeds dlrectly to the ground state, an interpretation vhich is |
supported by the additional observatlon of c01ncidﬂnces between
' photons of ~60 kev and ~270 kev, The sun of the measured energies,
64,9 kev 4+ 267 5 ='332.%, is also in good agreement with the measured
energy of the.crossoyér gamma ray, 332,3 kev,

Wagﬁer; gﬁAgi;,lu from conversion—line'data, proposed gamua
transitions of~33& énd 370 kev in Uz"37 decay. These transitions they
postulated as'arising from e level at 431 kev, Baranov and Shlyaginl5
messured these tfanaitiana es 330 end 369 kev, and also placed tﬁeir'
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 difference between these values coincides with the energy of the
33.20-kev transition and strongly suggests that the 33.2 end 335.3
are cascade gammé‘rays, ﬁith the 368.5 as crossover, A new level
would thus be defined at 368.5 kev. 'Some independent evidence for
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this state 1s provided by the gamma-gamma coincldence result that
al%hough moat of the ~335-kev radiation appears to go to ground
(the 332.3-kev transition as di<cussed above), a small fraction of
‘these photons appears to be in coincidence with I x-rays but not
with 60~kev radiation.i | Hencge the 335.3-kev trasmsition probably
goes to the 33.2-kev leval, With this interpretation we may make
use of* the felative;intensity informatioﬂ from coincidence work
‘to calculate that the 335-kev pesk in the “singles” gamma spectrum
is composed of unresolved 332, 3-kev and 335,3-kev peaks having
relative intensities 88% and 12%'respective;y. No coincidences
could be found with 3?O-kev photons, which is additional evidence
_that the 368.5 transxtlon goes to ground.

We observe also & 370%9»kev transition, Because of ‘the .
absenée of coincidences of 3?O—Kev vhotons with sny other radiatioﬁ,
Just discussed, it is. also assumed that the 370 Q<kev nhoton goes to
ground, thus ‘defining a new level at tham energy

wagnerj»g:-§£.lh report:r coincidences between the 208-kev
photon and a phptdn of 165 kev, with the interpretation that there
is a level at h3oikev; The present results 4o not confirm this
evidence, for-tWO'reésons.' Pirst, 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 in Earallei with the
208-kev transition, Second, as mentioned in the earlier section
on coincidence messurements, Asaro céuld £ind no true coincidences
 between 208- and l65akév gemmas and was asble to set a low limit '
 on their poss1ble existence

The only gamma ray which we haye not placed in the above
scheme is a very weak transition of 13.J 9 kev, observed only in
the electron spectrum

Although we do not have the detailed evidence by which

annkerg et al, 18 arrive at a level scheme, we wish to mention that
their postulated level gyvtem differs from ours only in that they

':incladed a level at 3J5 g- kev, whereas we assign the traansition of
that energy to proceed from the 368.5-kev level to the 33.2-kev

level,



UCRL-3695
P o Y

. CONVERSION COEFFICIENTS, MULFIPOLARITIES, AND SPINS
S 237

.Ground state. The spin of Np has been measured as 5/2 by

Tonﬂcins.og -We shall assume even parity for the ground state as
postulated Syfﬁdh 1 but in this section only the relative parities
of the staues Wlll actually be considered,

33, Z-Lev state, The multipolarluy of the 33,2-kev gamma
ray has been deternined as mixed ML-E2 by m@asurement of the L~ and

M~-subshell conversion ratios. from A ﬁmZhl decay, the mixing ratio

’
i

was reported as Ml/EZ ~50, From the large corrections to the
megnetic dipole K-conversion coafficients occauioned by the flnite
nuclear-size effects ureated by Sliv, 2% it seems likely that the Ii‘
subshell converalon coefflcients wmll be almalarly affected, the
Ml/EZ photon ratio should accordlngly'be 1ncreased to ~90, ‘The

_ present data on U 37 .are in agreement with but add nothing to our
present knowledge of this transition, The spin of this state is

7/2+. v
59_6-kev state.' The 59,6-kev electric dipole transition

from this S/a«sta te_ to ground has been studied extensively from
Zhl alpha decay; a discussion of previous work is given in HSR.l
The present studies of U237 confirm the fact, pointed out by HSR,
that the relative Le and M-subshell internal conversion coefficients
are in warked disagreement with the theoretical values of Rosezs‘
 for an Bl transition of 60 kev in Z = 93, Table VII summarizes the
exper¢menbal and theoretical values. It is noted “that the MI MiI

MIII Tatics follow closely the L ratios, and are correspondingly

-

anomalous; MiV v conver51on is weaker by & factor of four relative
to MIII then the theoretical value. . . |

The 26. hwhev transition is knawn also to be electric d;pole .
from its position in the level scheme 2257 Because of the, ainy. . v
asnomalous L—aubshe1l ratios of the 59 6 -kev trensition, it is of _ '%
interest to emamine the subshell ratios of this transition. Cur - ' '
M-gubshell ratios are uncertaan because of the ncc1dental coineidence -
in energy of the MII and.N&II lines of the 46 L-Kev gamma with the :
Ii and LII lines of the 43, 5-kev gamma Howevcr, the By , N 12 and

1

EIII iines are completely resolved, their 1ntenbity ration are
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| - fTable VII |
_L and ¥ subshell conversion ratios of 60 keY gamma ray in Np'37
o ) Relative _ .
'Subshell_ ,Coefflgiento o Source o Reference
Ly: LII T ' 1.6:3.2:1.0 ,U237 ' This work
1.5:3:3:1.0 A - mset
2.2:4.7:1.0 v 'ﬂm?hl Baranov and Slrl;!.yaginl5
: . I ,
2.5:0.7:1.0 o 4 Canavan28
1,0:1.0:1.0 . Theoretical ' Rose26
(screened relativisiic :
‘ - point nucleus)
‘ﬁI‘Mx‘I‘MﬁI‘M:ww 1.7:3.6:1.0:0.1 At _ HSRT
o ' 1,1:0.9:1.0:0.4% " Theoretical ' Rose® [

{unscreened, relativistic
point nucleus)
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estimated vioually %o be of the order ﬂ /EiII ~1.7/3.3/1.0,
The theoretical L-subshell ratios of Rooe for this gexma ray
are O )6/1 1/1.0, and the thcoretical M-subshell ratios®! are
0.6/0. L/l 0/0. LEYO 55 Thus, also in this case the subshell con-
version ratlos ure somewhat at veriance with the thecrastical
values,

| For culculatwon of the relative 1nuensitieb of radlation
'depopulatlgg the 60~kev state, ve choose to use intensity data of
other ¥Workers. Maghusson®> has determined by scintillation

Vspectrésébpy that there are 0.37 photons of 60 kev per AmZAI

alpha disinbegration; From alpha-ray spectroscopy it is known®
that 99.3% of the alpha disintegrations cascade through the
60-kev state, Prom the slectron spectroscoplc work of Baranov
. and Shlyaginl? on-amcal we have teken the ratio of total con-
version lines of the 60-kev to the 33.2-kev transition. The
33.2-kev transition 4s almost totally conrverted.

From the sbove information we calculate that the de-
populatioq of the 60skev state occurs &k percent by the §0-kev
-~ ‘transition and 16 percent by the 26-kev, 33-kev cascade. One
can also calculate a total conversion coefficient for the 80 ~kev
transition of 1,3, Using Mzgnusson's figure of 0.028 for the
 humber of726~kev-photons per alpha a total couversion coefficient
of sbout b, 7 is céléuiéted for that transition.

103.0-kev state, The 43, h-kev ganmaxay, which de~excites
~ this state, has been deuermlned from AUZkl aecayl to be an MiL~E2

mivture, with ML/E2 ~6, (We éstimate that the ML/EZ ratio will

be increased to ~1l when the effects. of finite nuclear size cor-

rection are teken into account. ) This ganma-ray was also seen in

the' prbsent study oP d 37 but no new multipolarivy information

hes been obtained, The spin of this state i thought to be T/2-.
j 5«kev-gtate. Definite multipolarltj essignments can

be made for the. gamma rays mh.ch de-excite this scatc The 207.9-

kev uran51t10n is ahown definitely to be magnetic dipole from the
following 1nformation.
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© The L-subshell ratios, LI/LII/LIII = 7.7/1.0/~0,06, are
consistent only with an inﬁerpretation as predominantly Mi, For

an ML tranoltion of this energy in % = 93 che~$heeret1cal ratios

of Rose are LI/LII/LTII 10.4/1 .0/0,03. A reduction of 263
in the LI/LII ratio fram Rose's theoretical value is 1ndlcatcd«

by our results, Perhaps the agreement between theory ‘and ex-
periment will improveowith the use of L-shell coefficients which

are corrected for the effects of finite nuclear size, since these
corrections would be exptcted theoretically to lower prlncipally
the LI conv°rs1on coefficient, However, Sokolowskl, el al

bave found, in contrast to this expectation, that the LI/LII

ratio of the Lo-kev ML trensition in ThB is experimentally the
seme as thet calewlatéd from Rose's point-nucleus conversion
coefficients, It should also be noted that this 208-kev Ml

'transition from U a3t decay is highly retarded’ {factor of 10" ),
'andtconceivablf the model-dependent effects on conversion co=

efficients discussed by Church and Wenesergg‘might not be

'-negligible.

" The: very low intensity of the LIII line of this transi-
tion shows that there 13 very little E2 admixture, From the
experimental value of the absolute LiIi conversion coefficient
from Table VIII and Rose's theoretlcal values we estimate the
EZ/Ml photon mixing ratio as 0. 005 0 005,

The absolute K-conversion coeffaclent of the 207. 9~kev‘
gamma»ray has been measured by br, B, Strominger from the
relative ¥ x-ray and_ZO?.,-kev_gammarray ‘intensities in the
U237 photon spectrﬁmg The‘calcuiaticn'is facilitated by the -
fact that the K-vacancies ere producadipredoﬁinantly by con~-
version of this gamma, Small corrections have been applied
for K«vacancies a;isiﬁg from other transitions and for the K- .
fluorescehce yieid ;he experimentai value,'el/r = 2.3, is
in good agreement with the theoretical ML K-conversion coef=
ficient of Sliv,>” B, = 2.k,
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Table VIIX
Percentaée Intensities and Experimental Conversion Coefficients

Transitio Tperimental Total Estimated
ans n otal Estimated.
Ener z ConzersionLElectrg? Inteﬁéitigibal Photon Conversion Coefficients multi- Transition
(kesg _ I "IT 111 IntensityC ' I 1T IIT pol=rity Intensity
26.35 X El 15
33.20 X b'e X X - MIL+E2 15
43,46 X X X % ML+E2 7
$9.57 7.5 4.9 47 8.5 38.3 36 0.21 0,41 0.13 EL 81
6.8 ~0.27 ~0.27 ~0.27 x 11 ~2.3% ~0.12 ~0.12 ~8.12 EL 3
13.9. . X x . ox _ 5
1646 - ~0.M8  0.16 1.27 0.58 0.48 3.3 3.6 ~0.13 0.04 0.35. 0.16 E2 T
S . wo | o s, |
207.9 " 50-7h  10.8% 1.8 0.076 2.2° - 2v . 73t a 0,059°0.003 M 89
23,2 . 0.13 % S " ~O. 2
267‘15.' 0.5k 016 x 0.08 0.80  0.86 0,63 0.19  mlew 1.7
332:3  0.053 x - 0.035 x - x A0z L. . 0:038 0.025 . ' Ez 1.5
335.3 . 0,040 x x - ~0.05 .0,19% 0.2 ' ML+EZ 802
368:5° - 0.02k x ~0.03 0. 2k 0l | ~0.05
, : 0.10
370,9 . 0.0k x ~0.06 0. 4k ML - A0.10
x = Electron iine observed bux no relisdble numerical 1ntendity available from the present work. '
‘8ée Tabie I for visual estimste. : : .
a = DBectron intensities normalized to L%nconveroion coeffieient of 0.45, obtained from
"experimental K~conversion coefficient (2.3) and theoretical K/L ratio (5. 16) as explained in the text
b = M-subshell ratios may be found from Teble I.
¢ = Normalized to 36 60-kev photons per 100G betas.

#

1]

.in the ration obtained from the eoincidence messurements, -

£ ='Exneriméntal value. from seintilliation spectrometry.

-

The intensity of 64.8-kev photons is based on coincidence intensities and is subject to perhaps +30% uncertainty.
Total intensity of the unresolved 335-kev phton peak has been divided between 332.3- and 335.3-kev txansitions

-
-
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With the multipolarity of the 207.9-kev tramsition definitely

a851gned, it becomeb possible to use - our conversion coefficient

information and the electron and photon intensi ties to calculste

conversion coefflcients of the other gamma rays There are several

 alterﬁative ways to do this. One might use the measured (or

'Atheoretical) K~conversion coefficient of the 207.9-kev gamme as a

means ‘o normalize chCtron 1ntens*ties relative to photon

- intensities and thereby obtain conversion coefficients of the

lother'gammé rays.v»In'the'preSenttcase,‘thia;method does not seem

attractive because there exists & wide discrepency among the
various determinatlons of the K—llne 1ntensmtj of thls gamna~ray
{See Table III) relative to all other lines, and hence any averege

_ermight select would be arbltrary. Alternatlvely, one might

utilize ouwr measured Ly~ line intensity of this gamma (which we feel

is more reliable experlmentally), and nérmalize this tc the Rose
theoreticel II cchErblon coefficient, this method is not satisfactory
eitherl because of thg.magpltudM of the finite size correction ex-
peétea for'the éagnetic dipble"h1 coefficients, A third method

which we have chos“n to use, is to assume that Rose's theoretical

N K/LI ratio for an ML tranaition will be unaltered by the finite

nuclear size correc»;on and apply this ratio to normalize the L1

L electron 1ntenszty, uging our experimental K-conversion coefficient

of 2.3 and the value (Table V) of 2k photons (208 kev) per 100 beta -
dlSlntegrations. The beta- spectroscoplc work of Sokclowski, et al,
on TuaB strongly support« the assumption that the K-to- LI conversion
ratio for a pure Ml transition in a_heavy element is correctly given

by Rose's point nucleus calculations Interpolating in energy aand

“atomic number from Rose's Lablns one finds a theoretical K/LI ratio’

here of 5. 16

Table VIII is 8 suimary of electron and gamma -ray intensitlea,
 electron intenultles are normalized to 10, 8 Ly (208) electrons per
‘100 betas and gamma intensities are normalized to 36 (59.6-kev)

- photons per 100 betas, The reasons for the choices of normalization
'hame élreadyfbeen discussed. Thelelectr@n intensities in Table VIII

in most cases are an average of our petmanent-magnet spectrograph

29

LT
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intensities and our double-focusing spectrometer intensities except

that the subshell;ratios«determined_on‘the former instruments are

used to divide the averasge total intensity of L- and M-shell con-
version electrons. ' '

The electron intengities-are divided by the éorresponding
photon intensities to give the absolute comversion coefficients

- listed in Teble VIII, The figures for total transition intensities,

given in the last column'of Table VIII are for the wesker transitions

Just the sums of electron end photon intensities from this table.

For the 207.9-kev transition thevintensity is based on the require-.

ment of intensity balance to and from the 60~kev level, Information

from studies on Amzul, previously discussed; wvere used to establish
relative intensities of the 26-kev and 33-kev transitions.

Multipolarities of the other gamma-rays de-exciting the 267.5-
kév state can now be discussed, The‘léh,6-kev ganme seems un-

" ambiguously to be electric quadrupole, The experimental L- con-
veréiqn ratios of this transition are LI/LIIZ;;II - 0.12/1.0/0.5;
these values agree closely with the Rose thé%retical valuesgg for an

‘Bz transition, which are I.I/LH/LIIi =0,11/1.0/~0.6, The agreement
of the experimental K-conversion coefficient, 0,12-0,15, with the

Slivzs thebieticgliyalue,-o.l9, is only fair, but probebly is within

éxpefiﬁéﬁﬁglfuﬁ%éf$§5ﬁ£§gﬁpfhé,absolute'values of experimental and

theoretical L, Lii’ anQnLIIiAéoefficients for E2 fail to agree

by sbout & factor of two {experimental values too low).

‘ The 23&.2-ke?itfaﬁsiﬁion is.vgry wesk, and the photon could

‘not be resolvedhin the scintillation spectrum., Hence, we have no
absolute conversion-COEfficient information about it, From the
level scheme, however, it will be &stablished thet this transition
must be an M2, - The observation of only one L-subshell line, the
Ly, 1s consistent withftﬁg M2 assignment.
- From its position in the level scheme, the 267.5-kev

~ trensition must be E1, M2, efe., because of the parity change
.inﬁolved'(éee Fig,-ﬁil). :The experimental Keconversion coefficient
(0.63) ie intermediate between the Sliv value for E1l (0.040) end
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. for M2 (3.6), indicating a photon mixing ratio M2/El & O, 16, 1In like

.manner from a comparison of the experimental L; coefficient (0.19)

with the Rose values for El (0.006) snd M2 (1.Z), wve obtein a mixing

- ratic M2/Bl = 0.15.: Thege two experimeéntal values of the mixing
“ratio are essentiélly'elnal In view of the fact thal snomalously
large L~conversion coefficients for El tranaltions have been observed
from Am” 2kl decayq and Tthl decaygl our apparent photon ratio M2 /EL
~ 0.16 may be too high. This matter will be further discussed in the
1ater sectlon on ccmparibons with theory.

The small L; conversion coefficient of the 164 .6-kev transi-
tion indicates very little, if any, Ml mixing in this EZ2 transition,
If one is permitied the asgsumption that tois transition is puxre E2,
then the respective Ml and E1l characters of the 207.9; and 267.5-kev
transitions allow a unigue 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‘d iarge retardation of a hypothetical Ml component of .
the.l6h,6-kev transition (3o that only the E2 component is cbserved)

" 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 alter-
netives. This is the fact that the 0/2- state™ at 156.5 kev is not

pulated 1n U?" decay; Were the spin of the 207,5-kev state 5/2-
{or larger), there would be easily detectable E2 (or ML) rediation
to the 9/2~ state, Thus, it seems safe to conclude that the spin
‘of the 267,5~kev state is 3/@-. ‘

a - 332.3-kev state. Tae next higher state is at 332.2 kev. De-

excitation takes place by & 332.3-kev transition to ground and by a
6k 8-kev transiticn 1 the 3/2- level, 'On the basis of the 332.3-kev
garmas prominent Zycgnversion in the LIi subshell and its experimental
K~-conversion coefficient we assign it ‘as E2, The agreement of the
experimental K~con#ersion coefficient (Qk X 0,038) with Sliv's
theoretical EZ (ak =0 059) coefficient is not good, but the ex-
perimental valav is perbaps uncertaln to this extent, The experis
méntal LII conversion. coefficient (0253 a 0.025) is also lower then
Rose's theoretical value (Q&T = 0.0 ‘

The 64, Bokev trans1tlon, decaying in parallel with the 332,3-

kev transltlon,can only be an El_transltzog on the basis of the
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dbsolute I, -subshell conversion coeffigients as well as the L-subshell
ratios {see Table VIII), Rose's theoretical screened-conversion

- coefficients for a 6k, o-kev El transition (z 93) should be as follows:
aLI = 0,11, aii ='0,10, . = 0,092, It is-interesting that this
. I

III .
© El transition exhibits normel L-conversion coefficients, while the 59.6-

kev El transition exhibits a normal LIII but abnormally large Li and LiI
conversion coefficients, We believe the explanation may Tie in the

‘ importance of model~dependent matrix elements for Sl/z and.pl/2 electrons
 in retarded El tranaitions, these matrix3glements being related in nature

to uhose discussed by Church and Weneser~” for ML transitions,

A few words are in order gt this point regarding the coincidence
;detérmlnation of relamlve amounts of 59.6-kev and 64,5-kev photons in the
' unresolved 60‘kev peak in the "singles" gemma spectrum. As mentioned
‘1.1n the earlzer section on ébinéidenee Measurements,}the 267-kev to 208~

‘:kev photon ratio. drops to- 6 ﬁércent of 1ts éingles'spectrum.va;ue when

'co*ncidence gating on the 59,6-kev and'6h B-kev photons is employed.

'Inspeetimn of the decay scheme of Fig. 1 shows that events gated by 64 .8~

.'kev photons should dlsplay the saize 267-Iev to 208-kev intonsity ratio
-:_as "singleé," While events gated by 59 &-kev photons should display a

) 208-kev peah but no 267-kev peak. at all Furthermore, the decay scheme

:.shows that the frgct;on<of eoﬁ-ggvlphgton coincidence events per 6k .8~
kev photon‘should be very nearly the same as the events per 59.6-kev,
Therefore, 4t directly follsows that 6. percent of the composite photon
pealt at ~60 kev is 64, 0-kev photons and the remaining 9% percent is
59. 6-kev This result was used in calculating photon intensities of
Table vVilix and in determining the proper normalization for intensitiles
~ of Table V,

' The multipolarity agsigments to the 332.3-kev and 6h,8-kev
transitions are consistent with the fact that the final states of the
two transitions are of dpposite périty,‘bThe parity‘of the 332,3-kev
state is even, . '

A rigoroue spin asslgnment 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 Ml admixture
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~ in the 332,3-kev E2 tran31tion cannot strictly be ruled out, But 3/2
or 5/2¢ ere unlikely choices because & state with either of these
'spins wvould be expected to undergo sappreciable E2. branching3 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 state. One has next the state of 368, 5-kev, depopulated

Zto the ground and first rotational states by gammairays of 368.5- and
_335.32kev, respectively, - From Table VIII we have ‘a K-conversion coefficient

of the 335.3 3-kev transition of-ak7z'0 2. The theoretical comversion
coefficients of ‘Sliv are 0,059 for B2 and 0.6 for Ml The observation of
prominent LI conversion and absence of LIII is pot inconsistent with the -
assignment of this transitlon as mixed M1-E2, but the uncertainty in the
experimental "K-conversion coefficient leaves the mixing ratio indefinite.
K-conversion coefficients cannot be calculated in the case of the
368,5-ke§ and 370,9-kev transitions since they are unresolvable in the
ﬁhoton spectrun. Both transitions exhibit similar conversion patterns (K/L
ratio end prominent Ly conversion) and are probably of the same multipole
orcer. Again, the prominence of the LI conversion indicaxes that the
transitions are either Bl or Ml, A choice can easily be made from the
limits on‘the absolute K-conversion coefficients. In Table VIII lower
: limits are given which definitely rule out El; hence ML assignments for
 both transitions seem best. The observed photon-intensity sum is con-
sistent with the ML assignments within the rather large uncertainty of
~ both the photon and electron intensities of these weak transitions.
| With the presence of ML 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 T/2+. o
370, 9-kev state. The only transitions not accounted for with the
levels heretofore postulated are those of 370 9 kev {Ml) end of 113.9
kev (B2). Neither of these tranoitionb 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 coincidence work that nelther

the 368.5- nor the 370.9-kev trensitions are in coincidence with L x-rays.
Hence, these transitions presumably go directly to ground, The spin of
the 370.94kev level can be 3/2,'5/2, or 7/2+. It is tempting to postulate
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that the 1/2+ state at 332, 3 kev is the fundamental state of & K = 1/2
- rotational band and that the 3/2+ state is ‘found at 370.9 kev, while the
V5/2+ member lies just belcw it at 368.§,kev,, This conjecture will be

. discussed further in fhe'section onkcompafiéons with theory,

" BETA GROUP £t VALUES |
As mentioned in the section on the beta spectrum, the Fermi plot

was essentially straight in the region where the continuum was measurable,
némely, sbove 90 kev (the'ehergy of the strong.207.9 K-line)., The end-
"point forithe.dominant beta group-is about 248 kev. Our Fermi plot 1is
not‘f¢301VablB into the wveaker lower-energy bete branches, although it is
consistent with theif preéence. Hence, we have calculated their inten-
sities from the geamma-transition intensities and the proposed decay
scheme, The beta-decay information is summarized in Table IX.

“The failure ﬁo observe a beta group in the %10-510-kev energy
range (spins of final states 5/2 or greater) strongly suggests that the
‘spin of U237 is low, probably 1/z.

CORRELATIONS HITH THEORY ‘ _ |
The most applicable nucleer model for Npg 31 is that of Bohr and

Mottelson33 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 relationships involving the
K-quantum numbers, Later the more special considerations depending on
details of the state'of~iﬁtrinsic notion of the ddd nucleon will be intro-
 duced, These latter considerations: involve (1) association of observed
bands with proton eigenstates calculated by Nllsson,35 (2) consideramlon
of gamme-transition rates in terms of asymptotic yuantum number selection
rules, and (3) conéidéramion of beta ft values,

v General Correlations

This study of- 0237 decay adds nothing to the knowledge of level
spacings in the rotational bands based on ground and first excited states
One may refer to earlier publicationsl 5256 for such data. We here

hypothesize that the levels at 332.3, 368.5, and 370.9 kev, assigned 1/2+,
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Table IX A o
Observed -and Postulated Beta Transitions 3f]U437

T‘Energy

Decay: T _ . Final state,

'fff(lun)

(W0) -
{510)

{kev) pereent _spin and parity
2i8 95 3/2-
a8 s 12+

3/zx (1)

5/zi(7/2')‘

.a. ‘This work.

_5/2,(7/2)+.

i

b, Wagner et'ali
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5/Z+, end 3/2+, r°sp»ct1vely, constitute members of a common rotational
bend. The energies of levels in such a K = 1/2 band are given’ byxtne
fortmlas - N

EI:é'('gé/z 3))_ { I(i%l)»§‘a (—)I+1/2 (T+1/2) 1.

Solvlng for the two uﬁaéterminéd paraﬁeters using the above energy levels,

we obtain fi /2'3f 6,2 kev and & = 41,08, The moment of imertia is about
cqual to that of the band based on the 60-kev state, where 4= /2 T=6.21 xev.

Thus, the eight Tevels populated by the beta decay of U-3! can be

grouped into four bands: Band A based on the ground state has K = 5/2+;

Band B based or the 59.57-kev level has K = 5/2-; Band C with one knowm
level at 267.5 kev hes K = 3/2=; Band D based on the 332.3-kev level

hes K = 1/2+. '

‘ On considering intenslty relationshlps let us first look for transi-

- tions violating the K-selection rule (AKX < L, the multipolarltﬁ, The only

ones are the Ml't:aﬁsitioﬁs of 335‘3¥; 368;5;~and 370.9~ kev, The only

important campétipg:tfanﬁitions shéﬁid be the low-energy (35.6-and 36,.2-

kev) intranénd trancitions to the 1/2+ state, A special search was made
for lines edrresponding to these poésible transitions. Slight evidence

' was obtained for a 38,6-kev transitibn,‘namely an Lgo line, but unfortunately

the expected positions of LIII’ MI’ and MiI are masked by lines of other

transitions. The LI line (not mesked) is not seen. A 35,2Z-kev trensition

is not observed, no lines being found in Ly, and M . positions (not masked),
© The beta-continuum baukground on the plates is high in the region where

- the L and M lines of these possible trans itions might be found, and the

efficiency of the emulsion at these low energies is poay Hence, it can

- only be said that any 36,2-kev uransiuion must be less than about one-halfl

"percent of total beta decay, and the 38.6-kev transition may oceur of the

order of one pe;eent»qf thevbenaAdepay if the o’ose‘rved.LII llne»does not

arige from sdme other source, 'Thé}very approximate nature of the above

1ntensity infbrmafion introduces a ébod deal of uncertainty intc the

qpesbiou of the- proportion of primary beta decay to the three levéls of

band D, The most we can say is tha{ the total beta population to the

" band comprises sbout five percenu. Wlthln_the uncertainty on possible
gamme rays competlng vith the 335 3= 364G, 5—, and 370.9-kev trangitions

¥ retardatlon assoalated with K- forbiddenness is consistent,
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1t isfof_interest to’compafepﬁhé observed gamme-ray branching ratios
with the relative reduced transition probabilities calculated from the
Bohr—Mottelson.mod@l; such comparisons are in effect tests of the purity
of the K-quantuﬁ.numbers of:initial énd final states. 1In the case of the
‘two E1 transitions which de-excite the 59.6-kev state (26.4 and 59.6 kev)
suchza check has been made froh Amzul alpha decay by dSRl who found the
‘ theoreticél and experiﬁéntal ratios_iq disagreement by over a factor of
_tﬁo. : : o |
Consider now the branching of E2 rediation from the 3/2= level
{267.5 kev) to states of band B. 4As discussed earlier, there is very
little E2 admixture in the 237, 9akev transition, the value based upon the
YQITII—convers1on coefficient’ being EL/Ml = 0,005 % O .005. The intenéity
. rules of Alaga. et al 32 predict®
B, oatE2) | .

= 0,75,

theor.

355(32)‘

but expeiiméniallylfhe ramio 15 between zero and 0,.1. This extremely
bad(disagreemeﬁﬁ'is,surpfiSing and we cannot explain it in detail, As
we ghall show'latef,bﬁhis E2 transition of the odd proton is hindered,
probably because of a violation of a selection rule ‘in the asymptotic: -
guantumn numbers 1g0ne migbt expect sama contrlbutlon to the E2 radiation
by virtue of Corlolis {BPU, cf, Kerman) -admixing-of the intrinsic
proton-wave fUncuiono'of Banda B and C, Perhaps a destructive inter-
ference of these contribations has lowered the E2 component of the» A
207. 9-kev gamma. _ . . |

Consider also the M2 oranchlng 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;

(Mz) :
2T -0
23A(M2) theor,
The experimental ratio of reduced transition probsbilities appears to be
26 (MZ) = 3.3,
»23Q(M?)- expt.

.

in bad disagreement. ' Possible explanations might be (1) an‘abnormally
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high K=-conversion coefficient3u for the El component of Y267 or (2) an

unexpectedly large contribution from intrinsic states with K # 5/2 in

the final &tate The E1 K-conversion coefficient would need to be a factor

~ of 12 lerger than theoretical to bring the M2 branching ratio into agree=-
ment vith theory.

Agreement with the relative intensity rules of Alaga et al. 32 is’
not found in the Lhree cases 1listed 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 éomponents
-with K~values differing from that of the principal component

-.'Correlations Dependent on the Odd Proton Wave Function

We shall now ﬁiscusg, the more special considerations involving
the state of intrinsic motion of the odd prpton in Np 37. Considerable

LSucceés has been achieved in correlating ground-state spins and excited-

nucleonic- stéte spins'of deformed nuclei with the Q - values of nucleon-

' eigenfnnctlons calculated by I\Iilsson35 for the anisotropic harmonic
oseiliator potential We wish to asoociate the four bands of Npé37

 , and the ground state of 0237 with states from Nilsson's calculations,

In testing possible aésignments we shall examine both the selection rules
in the asymptotic (large deformation) quantum numbers N, n_, end A and
those in the spherical limit in j and £ (end N). (See papers of Nilsson,35
Alaga,36
we show in Pig, 2 a diagram of the Nilsson eigenvalues of the heavy region

Hollander,37 Perlman and Rasmussen.9) For convenlent reference

for prolate deformation. ‘Calculations from experimental quadrupole moments
indicate a deformation of about ~0.25. In the right-hand margin are the
letters A, B, D, and D adjacent to the states we associate with the four
bands in Np237. The reasons for these choices are the following:

From the ground-state spins, rotational-band spacing, and the
unhindered nature of one alpha-decay group in Am>'Y it was suggestedl?
that the odd proton is in orbitals of R = 5/2 in the states both of band
A and band B, Tnese orbitals are necessarily of opposite parity becaube
of their interconnection by electric dipole radiation, It was later

suggested by HSRl that of the two available Q@ = 5/2 orbitals in the proper
region band A is the even-parity orbital, the chief evidence being the
difference in effective moments of ineftia of bands A and B. Magnetic-

'momeﬂt calculations of Strominger38_also support the above aséignments,
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From the nature of the four transitions depopulating the 267.5-kev

'level only the assigmment 3/2~ seems reasonsble, and the level labelled
"C" in Fig. 2 is the only 3/2- state in this region.

The 1/2+ band D would not.beAqxpected'to lie this low in energy if
one were to teke strictly the eigenvalues of Nilsson, but taking Nilsson's
" diagrem as simply & good guide to. the position of states we shall exsmine
in more detail the i3} properties of the fwo nearest 1/2+ orbitals on the
diagram (the nataxlon is @ =« (N, b, -A~}); Ebese are state-1/2+ (4,0,0]
end state 1/24- {6 6,0}, Using‘Hilsson's wave functions-for the formex,
we calculate at 3 = #0.2 a value g =+1,29 and at & = +0.3 & value g =
-0.67. For the latter, we calculate a 2,05 = +5.6 and‘§+o.3 = 6.2. éi?ce
experimental quadrupole moments indicate & = 40.25 in the region of Npa37
we feel that the agreement between the experimental é = +1,08 and the
theoretical decoupling’pa:ameﬁers for the 1/2+ {4,0,0} orbital is satisfactory.
and that the 1/2+ (6,6,0) orbital is conclusively ruled out.

A curicus éaée'is provided‘by the four gamma transitions depopulating
the 267.5-kev level in that El, Ml, E2, and M2 transitions are all observed,
The lifetime of the parent state has been measured by Bunker,- et allg%J
(5.4 £ 0,5) - 10 -2 sec. In Tsble X ue have made use of this lifetime
measurement and our relative intens¢uy data to calculate experlmentax partial
half lives for emission of the various photons., For a theoretical comiparison
we have made calculations also with use of the single-protoh transition

39

formulas of Moszkowski, None of these transivions is K-forbidden., The
retardation Of.the Bl %5 not too surprising; since the low-cnergy El
transitions quite generally show large retardation. The general question
of retardation of El transxtions in deformed nuclei has been discussed by
Strominger and Resmussen. _
The large retardation of the 208«kev Mi transition, allowed by K-

- selection rules, needs explanation, A gualitative explanetion is readily
found with the eaxlier ofbitailassignments by examining selection rules
in the agymptotic quantum'numbera. Selection rules in the guantun. numbers
1] (total'oscillator qpantum number) , n, (z*axis oscillator yuantum number),
A (orbital angular momentum component a*ong syminetry axis), and Z (pro-
Jecticn of 1ntrinsmc spin along cymmehry a,cls))'r have been applied Lo
caseg of beta decay by Alaﬂa3° énd to cases of El ganmna. tranoltions by

trominger and Rasmussen, Chasmaﬁ and‘Rasmussean have derived seleCulon
rules for El, E2, M1, and M2 transitions. These selection rules are given
in Table XI. | '



Tab le X

Partial Half lives
for Photon Emission from the 267 S5-kev State

Energy Multipolerity Experimental 1 .- Moszkowski - Retardation

Treated Half:life single particle Factor
(see;) estimate o F
. , o ) : {sec.) '
267.5 Blx 7.7 - 107 35107 w5 107
23k.2 M2 . 6,0 - 1.0"6, 8.3 10'8' 1.4 - 19“2 ‘
207.9 S 2,00 1078 1.5 . 10718 7.5+ 1077
'161; 6 ' E2 -1 6 - 10"7 N .'--9 5 - 1072 5.9 - 107¢

",* These transitions have oame quadrupcle admixture, but the

- experimental partial lifetime applles to the dipole component

alone
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Teble XI
V -4 Asymptoﬁié Sele'étion Rules for Gamma Transitions
EL | | W\ ' |
AT An, AN Az AN " An, aN AT
a 41 o -0 o o o £1
a0 -1 o © 0,12 +1 £1 0
1 o s ,:.’.o o, 0 o 0
42 +2 o."0 :1;13'- a 0,22 O
-2 -2 o o ﬂ,ig 0 1 0.
0,12 0 o .o _xl,i3, 2 on 0
o,iz *1 B -‘0 £1 -0 +1 +1
2 o 5 2.0 | . s 'i1  0 1
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From the qsymptptic yuentum mumbers appropriate to orbitals C and
B in Fig. 2 and fr6m4iﬁspeétion of Table XI it is seen that the ML
urdn51tion yiolates these rules, gince AN = 2,

Table X shows the ]64 6-kev E2 as retarded, and the E2 component
of the 907 9-kev Lransltlon muLt be even more retaréded. It 1s to be
noted that an B2 single—proton tranuitlon bétween the B and C orbitals
violates ‘the selectlon rule AsE =0, The speed of the E2 tran51tLons
between these bands 1s a more difflcult matter to consider theoretlcally
'ulnce the Corlolis 1nteract10n (Kermén sl RPC -int eract¢on) will mix
these proton states and lead to collective conﬁributions to the B2 trénsi-
tion prbbabilitiés The single partlcle and collectiva contributions
could intexfere constructlvely or deutructlvely, the latier possinllihy
is attractive for explain;ng_the rz arded 2 component of the 207.9-kev
gamma, . o R :J_ o .

He see frow Table X-ﬁha% thé-ﬁ? raﬁiation is also retarded from
the single-particle estimaze but it is slgnlflcantly less retarded than
the -Ml.: M2 radigtion between bands C and A 1is allowed by the: asy”ptotlc
quqntum—number selectlon riles of Table XI.

Finally, let us consider the beta decay log ft values (Table IX)
and attempt to assign quantum numbers te the ground state of U(‘37 To
account for the non-observance of beta decay to the 5/2+ and ;/2- bands
a spin assignment of l/u seems most attractive, The available 9 = 1/2
neutron sta&es;in the proper regioﬁ on Nilsson‘s diagram are 1/2+ {6,3,1]
’and.l/z— 5 e ,1}. For the even- narlty assignment the principal beta
group to the 3/2- state would be classified firgt forbidden { AT = 1, yes),
“inhindered, The experimenbal log ft value of 6,2 seems quite consistent
with this from camparison w1th ﬂlaga s study. 36 - For the odd-parity assign-
ment the main bets group would be allowed { A I =1, no), hlndered, also
" consistent with exneriment

Although there. is‘much Uncerta¢nty regarding the relative beta
intengities to the uppermast band, a self-consistent picture explaining
- beta decay to this apper band is more easily obtained with the aoslgnment
of 1/2- to U2J7, The beta decay to the l/2+ and 3/2+ states would then
e classified Pirst forbidden, unhindered, and beta decay to the 5/2+
state would be first forbidden ( AT = 2, yes), unhindered., The 1/2+
a351gnment te U 237 would not allow sufficient direct (second forblddan)
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beta population of the 5/2+ state at 366.5-kev, and it would be necessary
to pootula te a higher-s level decaying to 4t by an unobserved gamma transition.
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* FIGURE CAPTIONS

Figure 1 Ehergyfléyg;'schﬁmé of‘sz37, with decay patterns
| of U237 ana. an?¥, |

Pigure 2 .Hilssonvenérgy-levél diag:amffor prolate deformation.
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