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Abstract 

The internal conversion electron and gamma-ray spectra from the decay 

of 237u have been studied lvith use of a high-resolution 7T .J 2 iron-free spectrom-

eter and solid-state gamma-ray spectrometers. In addition to the previously 

2y-
known transitions; several new lines w·ere observed and fitted into the 1Np 

·level scheme. Absolute conversion coefficients for most of the transitions 

vrere determined.. The presence of the previously undiscovered. level at 28L :55 

keV, confirmed by the observation of a very strong 13.81 keV Ml-E2 transition 

and a weak 221.8 keV crossover transition) establishes that the 267.54 keV 

3/2- level is the lowest member of a K=, lj2::..band. 
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l. Introduction 

The continuing interest in the energy levels of 
2~~Np as an aid in the 

development of a nuclear model for the heavy elements has been pointed out in 

the introduction of the previous paper
1

), and in that paper a new analysis of 

241 . 
the large body o.f data from 

9
-::tm alpha decay is presented. Some of the many 

237Np levels seen in alpha decay are also populated by the beta decay of 2~~U, 

and these levels were the subject of an investigation in 1956 by Rasmussen, 

Canavan, and Hollander
2

). Although 237u decay involves many gamma rays, most 

of which are too closely spaced to be resolved in scintillation spectra, the 

use of high-resolution permanent magnet spectrographs allowed RCH to make 

definite multipole assignments and to establish an unambiguous decay scheme. 

Recently, two significant advances have made it worthwhile to re-study 

237 the decay of U. One of these is the availability of lithium-drifted germa.., 

nium and .silicon detectors coupled to field-effect transistor preamplifiers 

("FET"), with which garmna-ray line widths as small as l keV have been achieved. 

With these devices the photon spectra can be much better defined than was pre-

viously possible so that more accurate intensity measurements.can be made and 

new, weak gamma rays can be identified. Also, in combination with high-resolu-

tion conversion electron spectroscopy, these detectors allow the determination 

of internal conversion coefficients for practically all transitions in the 

spectrum. 

241 The other advance has been achieved in the new study of Am by 

l 
Lederer, Poggenburg, Rasmussen, Asaro~ and Perlman ). 

recent advances in alpha decay theory3 ) together with 

Making use of the most 

new measurements of the 

gamma ray spectrum and alpha-gamma coincidences they pl'oposed a level scheme 

\ 
l 

l 
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237 which involves a major reassignment of the Np levels observed by Baranov, 

4 5 241 
Kulakov, Zelenkov, and Shatinskii' ) from their detailed Am alpha spectrw~ 

·241 
data. Although the alpha decay of Am involves many more levels than are 

seen from 
2

37u beta decay, the 237u data are involved in an important way as a 

consequence of the fact that the 3/2- state at 267.5 keV, which receives most 

of the primary 237u beta decay, has been assigned by LPARP as the I = 3/2 member 

of an inverted K = 1/2 band, with the I = 1/2 member assumed to have been 

unseen. From the known energies of the levels assigned by LPARP to the I = 5/2, 

7/2, 9/2, and 11/2 members of this band, they predicted that the I = 1/2 level 

lies at ~280 keV. A consequence of this interpretation is the prediction that 

the I = 1/2 (280 keV) level is actually populated to a considerable extent from 

237u beta deca~.but because it lies so close to the I= 3/2 level (267 keV) it 

has thus far escaped detection. A crucial test of this hypothesis is the 

237 search in U decay for a strong low-energy·intraband (l/2 ~3/2) transition 

(~13 keV) and also for the weak .interband transition of ~221 keV proceeding to 

the.59.5 keV level. The experiment whose results are reported here was stim-

ulated partly by this prediction, and partly by the desire to make accurate 

determinations of the internal conversion coefficients and multipole mixing 

237 ratios for U decay. A preliminary report of the latter measurements had 

6 appeared ) prior to the work of LPARP and it is interesting that a weak 221 keV 

gamma ray had already been reported in that note. 

In this paper we discuss our measurements of the transitions in 237u, 

made with several solid-state gamma-ray spectrometers and the Berkeley 50-cm 

iron-free spectrometer. The predicted new level has been found, and ~ts prop-

erties are in conformity with the level assignments of LPARP. Conversion 
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coefficients and multipole mixing ratios have been determined for most of the 

transitions, including the well-known 59.5 and 26.3 keV "anomalous" El transi-

tions, and these ari discussed in the following sections: 

2. Source Preparation 

.The 237u sources for gamma-ray and electron spectroscopy were produced 

b h . h fl ( 5 1015 - 2 -l) . d' t. f . t 1 500 . y a lg - ux ~ X n em sec lrra la lOn o approxlma e y mlcro-

236 grams of U at the Savannah River Plant, Savannah River, S. C. The integrated 

21 -2 . 0 

neutron flux (nvt) was approximately 6.3 X 10 em . After dissolution of the 

target in a HC1-HN0
3 

mixture and addition of Br2 water to keep the uranium in 

the +6 oxidation state, the separation of uranium from neptunium and fission 

products was effected by a procedure using three progressively smaller Dowex-1 

a~ion exchange columns. With uranium loaded. on the column, washes were made 

with 6N HC1-HN03' 6N HC1-0.3N HF, and 4.3 N HCl. Removal of the uranium was 

done with 0.1 N .HCJ.-'-0.06 N HF or with O.l N HCl. 

Two sources were prepared for electron spectroscopy, by vacuum sub-

limation of the dried chloride solution from a shaped tungsten boat through;c 

2 a 1 X 10 mm platinum collimator onto an aluminumfoil backing of surface 

. 2 denslty ~3.5 mg/cm . The first source deposit, practically invisible to the 

eye, was used for the scans of the low energy region of the internal conversion 

spectrum. 8 -1 The estimated disintegration rate of this source was ~2 x 10 min . 

The second source which had a visible. deposit and a strength about ten times 

greater than the first, was used for the study of the high energy (>60 keV) 

conversion lines. Sources for gamma-ray spectroscopy were prepared in a 

'>~ variety of strengths, on non-metallic (Teflon) backings. 
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3. Gamma-Ray Spectroscopy 

Gamma-ray measurements were carried out with three semiconductor spec-

trometers, described in table l. With spectrometer A, the best detector avail-

able when the measurements began, the 332.4 keV-335.4 keV doublet was partially 

resolved. Subsequently, a new spectrometer (B), employing a field-effect tran

sistor preamplifier 7 ), was put into use, with sufficiently high resolution that 

the dou~let could be resolved almost complete:ly. Not only is the resolution of 

spectrometer B better but also it possesses higher efficiency than spectrometer 

A, since it can tolerate a much higher bias voltage on the crystal without in-

creasing the noise level. Figure l shows a gamma-ray spectrum above 150 keV 

taken with spectrometer B. In order to reduce the total counting rate a lead 
2 ' '' 

absorber of 400 mg/cm thickness was used. A number o,f repeated scans of the 

gamma spectrum showed no evidence of·any gamma rays other than those indicated 

in the figure. 

Spectrometer C, which consists of a 5 mm¢ X 3 mm thick Si(Li) crystal 

connected to an FET preamplifier, was successfully applied to the measurement 

of low-energy gamma rays and x rays. Figure 2 shows a gamma-ray spectrum in 

the low-energy region taken with this Si(Li) spectrometer. Also shown is a 

spectrum of 
241 Am, by comparison with which the 237u spectrum revealed the 

presence of a weak 51.0 keV gamma ray superimposed on the broad back-scattering 

peak associated with the strong 59.5-keV line. In addition to the three prin-

cipal L x-ray groups the lowest member, L.e, is seen at 11.9 keV. 

The efficiency calibration curves for the three spectrometers were 

obtained by using the following sources with known absolute disintegration 

rates: 
241

Am (59.5 keV), 57co (14.4 keV, 122,.0 keV, 136.4 keV), 203Hg (279.2 keV) 

•• 
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and l9
8

Au (411.8 keV), and by using radioisotopes with two or more radiations of 

24lAm, 203Hg, l98Au, l88Re, l60Tb, l09Cd, known relative intensities, such as 

and 57co. The relative intensity data used for the ef~iciency determinations 

are given in table· 2. These efficiency calibrations demonstrated the superi-

ority of the Si(Li) spectrometer over the Ge(Li) spectrometers for low-energy 

gamma-ray spectroscopy. As the gamma-ray energy decreases, the photopeak 

efficiency of the Ge(Li) spectrometers starts to drop rapidly at ~65 keV, while 

that of the Si(Li) spectrometer continues to increase, as illustrated in fig~· 3. 

The garmna-ray measurements from the three detectors are summarized in 

table 3, and averaged values of these gamma-ray intensities are subsequently 

used for the determination of internal conversion coefficients. 

4. Conversion-Electron. Spectroscopy 

Portions of the intern~l conversion electron spectrum were studied with 

· I • 10 
the Berke;l.ey 50-cm 7T \1 2 J.ron-free spectrometer ) . This instrument, utilizing 

a two-coil magnet system, is similar to the Uppsala instrument described by 

. . ll SJ.egbahn et al. ). Recently the focusing properties of the Berkeley spectrom-

eter were substantially improved by the addition of a set of trim-coils
12

). 

The automatically contr.olled cooling system, employing liquid Freon-ll 

as coolant, maintains temperature constancy within ±o.5°C. The degaussing 

system consists of a four-coil Lee-Whiting array13 ) for the vertical component 

and pairs of Helmholz coils for the north-south and east-west components; with 

-4 
this system the vertical component of the residual field is :::_10 . gauss along 

the electron optical path. (The iron-free building that houses the spectrometer 
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is located sufficiently far from the Bevatron that the residual pulsing field 

-4 ) from this source is also < IO gauss. 

The spectrometer utilizes a transistor rectifier and regulator system 

that provides very good current stability) usually ~1:105 . Scanning of· the 

electron spectru,rn is done automatically from a preset starting current; both 

the current steps and the counting times can be varied over a wide range. 

The output data are recorded by an electric typewriter. Absolute values of 

the spectrometer magnet current are monitored manually by measuring the voltage 

drop across precision resistors with use of a Guildline type 9144 potentiometer. 

The spectrometer is equipped with a set of interchangeable baffles to 

permit variations in the instrumental resolution. In scanning most of the 237u 

electron lines the baffle permitting 0.06% momentum focusing: aberration:·(aperture 

. :;_ .0. 25%:, of 47r) was used. Because of additional contributions to the line 

width from the finite source and counter dimensions) most lines had measured 

momentum widths of 0.07-0.08%. The low-energy lines were additionally broadened 

.because of source-thickness up to 0.25% for the lowest energy line studied 

(8.1 keV). 

For the study of low energy electrons) a pre-accelerator system was 

used in an attempt to avoid the uncertainties in jntensity measurements_caused 

14 ' 
by counter window absorption. ·This system was described by Cooper et al. · ) 

and is shown schematically in fig. 4.. The accelerating voltage) calibrated by 

direct measurements of the energy shifts of the 59.5 keV L11 line and the 

33.2 keV L1 line) was 4.61±0.02 kV. Use of this system) however) was found 

also to introduce an uncertainty .into the intensity measurements because of 

the focusing effect of th.e accelerating field) an -effect that is evidently 
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quite energy dependent. Fortunately) just after the first scan of the low~ 

energy 237u linesJ construction was finished on a "post-accelerator" G-M 

counter} which does not affect the spectrom~ter transmission} and with this 

detector it was possible to calibrate the intensity scale and make appro--

priate corrections to the intensity values measured with the preaccelerator 

device. These corrections amounted) at mostJ to 33% for the lowest electron 

energy studied (8.1 keV). 

The detector used for these measurements was a side window G-M counter 

2 
with a window aperture l X 38 mm J covered with a multi-layer formvar film of 

. 2 
estimated surface density ,60 fJ.g/cm . The counter background was 15-20/min. 

A continuous scan of the electron spectrlli~ was not made because photo-

graphic recording spectrographs that covered the full energy range were utilized 

by RCH in their study of the 237u electron spectrum) and it is unlikely that lines 

of appreciable intensity above ~15 keV would have been overlooked. RatherJ an 

effort was made to measure with higher accuracy than had before been possible 

the energies and intensities of selected) important lines) especially in ~ne 

energy region below 25 keV. As internal standards with which the momenta and 

intensities of othe~ lines could be compared) the K- and L-lines of the 208.0 

keV transition were measured several times during the course of the experiment. 

An absolute momentum scale was established with reference to the.K and L111 

lines of the 411.795±0.009 keV transition from 198Au15). Calibration of the 

spectrometer is facilitated by use of a source holder that accormnodates two 

sources so that the reference and "unkno·;·:n" source can be moved alternately 

into the electron-optical source-positiut without removing the source holder 

from the spectrometer. 
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For the measurement of internal conversion coefficients, the l98Au 

sources also served as a calibration standard for the normalization of the 

electron intensities determined with the iron-free spectrometer and the photon 

=intensities determined with the Ge(Li) spectrometers. This normalization is 

discussed further in Section q. ~ 

The conversion electron intensity analysis was done py plotting the 

lines initially on a linear scale, subtracting an appropriate background 

function, then replotting the lines on semi-log paper. The line shapes on 

the semi-log plot are, over small energy regions, independent of line inten-

sity, and thus the shapes of clearly resolved lines can be utilized to analyze 

unresolved groups. Integration of the line areas consisted in summing the 

counting rates down to l% of the peak rate; assignment of errors in this pro-

16 
cedure was done in the manner.described by Novakov and Hollander· ). 

Some examples of the measured conversion lines are shown in figs. ·5 

through 12. 

5. Transition Energies and Electron. Binding Energies 

Many of the same . . 237 b low energy transltlons from U eta decay also 

occur:~.in::the alpha decay of 
241Am. A study of the internal conversion spec-

th l tt . t h tl b t d b w lf d p k l 7,) trum from e a er lSO ope as recen y een repor. e y o son an ar .. ·' 

and it is interesting to compare the results of the two investigations because 

iron-free spectrometers were used in both cases, with comparable instr~~ental 

resolutions and small limits of error. There are significant differences, too. 

For example, different methods of calibration were used; also, problems caused 

241 237 
by alpha recoil effects of Am are absent in the U study. 
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In our study of the 237u electron spectrum, two independent methods 

of spectrometer calibration were employed, each of which is capable of yielding 

high accuracy. In the first, the momentum r~tios of the K and Li lines of the 

208 keV transition were carefully_ determined relative to the K and LIII lines of 

the 412-keV transition of 198Au, and in the subsequent scans, which involved two 

different sources and several removals of the source holder, the K- and L
1

-2o8 

lj_ne were frequently remeasured as internal standards. With this mode of tali-

bration, the energy of the LI 59.5 line was found to be 37.112 ± 0.005 keV. 

It is also possible, with a completely internal calibration, to deter-

mine the energy of the L1 59.5 line, by utilizing the measured momentum ratio 

of two conversion lines of this transition (e.g., M1I/LI current ratio) together 

with the knowledge of the energy difference between the lines. As discussed by 

Siegbahn
18

), this method is capable of yielding high accuracy with iron-free 

spectrometers provided that the atomic level. separation is known. with suf-

ficient precision; the situation is favorable in this case, because the 

L
1

-M
11 

level separation is given in the table cbf Bearden and Burr1 9) with a 

probable error of only 0.5 eV. With this calibration method, the energy of the 

L
1 

59 line was found to be 37.114 keV. The agreement between the results of 

the two calibrations is very good (deviation -5:105). 

From our conversion line data and the known cascade-crossover relation 

involving the 59.5, 33,2, and 26.3 keV transitions, we can compute the absolute 

energy of the 59.5 keV transition from the following relationship: 
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The transition energy so obtained agrees very closely with the value 59.545 ± 

0.031 obtained by Wolfson and Park17 ) from a "Siegbahn-method" internal cali.:. 

241 
bration in Am decay. However Wolfson and Park chose not to use their own 

value for the final spectrometer calibration but rather to use the bent-crystal 

value of Day 
20

), 59. 568±0. Oii keV. Although the three values agree within the 

combined errors, we believe that the probable error of Day's value has been '·~·. 
: .-

underestimated. 

A summary of our measured transition energy, intensity, and multipolarity 

data is presented in table 4. The intensity values have been normalized to an 

absolute percentage s.cale, as discussed in the following sections. 

With use of the absolute transition energies and our measured electron 

line energies, we can compute the atomic binding energies of electrons in the 

K, L, M, and N shells of neptunium (Z=93). It is of interest to compare the 

values so calcuiated with the results of Wolfson and Park obtained in a similar 
. 241 . 

manner from . Am, and with the values from x-ray spectroscopy given in the 

19 . 21 
tables of Bearden and Burr ) and of HagstrClm et al. ) . This comparison is 

given in table 5. It is seen that the agreement is generally quite good 

between our results and those of Wolfson and Park, obtp.ined also from internal 

conversion spectroscopy, .but that a comparison of the x-ray results with the 

internal conversion results shows only marginal agreement, .the internal con-

version results being systematica~ly higher. This circumstance was also noted 

:in \.he case of plutonium (Z=94), by Ewan, Geiger, Graham, and MacKenzie 
22

). 
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6. Level Scheme 

237 237 The levels of Np that arise from U beta decay have been discussed 

extensively by RCH, and we shall not re~eat that discussion here except to the 

extent necessary to introduce new information obtained in this study. A level 

scheme incorporating all of our measured energy and intensity data on 
2

37u decay 

is shown in fig. 13. All observed transitions except that of 114.1 keV are 

placed in this scheme. In constructing the scheme, we noted that the balance 

of transition intensities is very good for each of the first five levels, con-

sequer.tly we have normalized all the photon and electron intensities absol~tely 

to 100 
237u beta disintegrations. The intensities of table 4 are so normalized, 

as are the photon abundances (given in parentheses) in the level scheme of 

fig. 13. 

The major change in the 237Np level scheme is the observation of the 

new level which was predicted by LPARP to lie at z280 keV. The level was 

readily established at 281.35±0.03 keV from the following sum and difference 

information: 

(221.8o±o.o4) + (59.54±0.015) 

(2o8.oo±o.o23) + (59.54±0.015) + (13.81±o.o3) 

(332.36±o.o4) (51.o1±o.o3) 

281.34±o.o4 

281. 3)±o. o4 

The knowledge of the multipolari ties of the 13.81 (Ml +E2), 221.80 (E2), 

and 51. Ol (El) keV transitions (see sections 8-10) confirms their placement in 

the scheme and also defines the spin and parity of the 281.35 keV level as l/2-. 
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We note that the two El transitions (51.01\and 64.83) that depopulate 

the 332.36 keV (D l/2+) level are the only El transitions observed from band D. 

Specifically) no El transitions are seen from levels D 5/2+ or D 3/2+. This 

fact can be understood from the competitive de-excitation modes available to 

these states. The higher levels) D 5/2+ and D 3/2+) can decay to band A via 

predominantly Ml transitions) wh:Lle the lowest level) D l/2+) can decay to 

band A only via an E2 transition) with which the El transitions can compete. 

7. Determination of Absolute Conversion Coefficients 

From the data on the relative intensities of gamma rays and conversion 

electrons one can derive the internal conversion coefficients (ICC) of all 

transitions provided that the ICC of at least one gamma ray is well known. In 

the 237u study) the 208 keV transition makes· an ideal conversion coefficient 

standard) because of i_ts high intensity in both the electron and photon spectra. 

We have used two independent methods to determine the absolute conversion coef-

ficients of the 208-keV transition. The first method is the comparison of the 

electron-to-grumna ratio of the 208-keV transition with, that of. the 412-keV 

t . ·t· f l98A U . th t d l ransJ. J.On o u. sJ.ng e accep e va ue 

0.0302±0.0005 (Ref. 23) 

one can determine ~ (208) 237u) with use of the relation 

(. 237 ( 
237 . 198 IK 208) U) I 412) 

ex (208) U) = ex. ( 412) Au) 19g 
IK (412) Au) I~ (208) 

.• 
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The relative K line intensities were obtained with the iron-fr;ee spectrometer 

and the relative gamma-ray intensities were determined by using the two Ge(Li) 

spectrometers. Our result is: 237 + -~ (208, u) = 2.30-0.12. The error in this 
-\ 

value arises almost entirely from the uncertainty in the photoefficiency ratio 

E(208)/E(4l2) for the Ge(Li) detectors. 

The second method makes use of the relation 

where illK 

I(Kx) 
I ( 208) 

'Y 
ux·~ (2o8) 

is the K fluorescence yield. The use of this relation implies the 

assumption that all the observed K x rays are associated with the conversion of 

the 208 keV transition, a good assumption in this case because of the predomi-

nance of the .208 keV transition (see table 4). The total K x-ray intensity is 

obtained by summing the intensities of the individual groups given in table 3. 

We obtain· 

~ (208) = 2.50±0.25 

The two values for ~ (208) agree within experimental error. Because of its 

higher precision, we shall adopt the former value for the normalization of 

electron and gamma-ray intensity scales. With this normalization, the cal-

l 
237u t - · · · t · htf d , culation of CC for all the other ransltlons lS s ralg orwar , ana the 

results are tabulated in colwnn '7 of table 4. The quoted errors in the cal-

culated ICC reflect principally the uncertainties of the gamma-ray intensities. 

Conversion coefficient .. ratios obtained from the conversion electron data are 

in general much more accurate, as can be seen from column 6 of the table. 
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8. Multipolarity Assignments of the High Energy Transitions 

Figure 14 illustrates the comparison of the experimental K-conversion 

coefficients, ~' with the theoretical values of Sliv and Band
24

). The~ (208) 

agrees with the theoretical value for pure Ml, with, of course, allo-vrance for a 

small E2 admixture. To determine the E2 admixture precisely, the L subshell 

conversion coefficients are quite useful. Shown in fig. 15 are the theoretical 

conversion coefficients for K, 11 , 111 , and 1111 shells versus percentage E2 

photon admixture. The value (2.1±0.2)% E2 ac3Jnixture is consistent with all 

the experimental data for the 20[) keV transition. 

The experimental~ values for the 335.4-, 368.6-, and 370.9-keV tran-

sitions agree with the theoretical values for pure Ml. The experimental errors 

are consistent with a maximum of 15% E2 arunixture in each of these transitions. 

The 332:4-keV transition is definitely assigned as pure E2. The 221.8-

keV and 337.7-keV transitions-are required from the decay scheme to be E2, and 

in fact, 0'~ ( 22l. 8) shows agreement with the theoretical E2 value. .The- O'v of --Ln . . n. 

the 164.6-keV transition, also required from the level scheme to be E2, is ap-

preciably lower than theoretical, but on the other hand, all the L subshell 

conversion coefficients agree with theoretical for pure E2. The ~ (164.6) may 

be suspect because the "strong" 237u source was used to record these lines, and 

at the energy of the K line considerably tailing due to source thickness was 

observed. Thus the line shape analysis is less certain than those of the higher 

energy K-lines. 

The comparison between the experimental and theoretical conversion coef-

ficients for the pure E2 transitions is given in table 6. 
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The K-conversion coefficient of the 234.4-keV transition agrees with 

the theoretical value for pure M2: which is consistent with the established 

decay scheme. The 267.5-keV transition shows a very high K-conversion coef-
' 
' 

ficient compared to the theoretical value for pure El. This high experimental 

K-conversion coefficient can be interpreted in terms of a 20±1% M2 photon ad-

mixture, if it is assumed that the conversion coefficients of the El and M2 

components are normal (Sliv and Band theoretical values). Alternatively, an 

anomalously high conversion coefficient of the El component could be responsible 

for the experimental result. This point is discussed further in sect. ll. 

9. Conversion Coefficients and Anomalies of El Transitions 

The 26.35-keV and the 59.54-keV El transitions, which de-excite the 

59.5l+-keV level (B 5/2-) to the 33.20-keV le:vel (A 7/2+) and to the ground state 

(A 5/2+), respectively, are well known because of their anomalously high con-

version coefficients, as discussed in detail by Asaro, Stephens, Hollander: and 

Ferlman
2

5). The absolute c0nversion coefficients and subshell conversion ratios 

obtained in the present work are compared with the theoretical values in table 

7. The Sliv-Band L-subshell values are used except for 1
111

-26.35; for ttie 1
111 

and M subshells of the 26.35-keV transition the quoted theoretical values vere 

26 
obtained from the table of Rose ) and from the threshold values around 30 keV, 

\ . 27 
given ~,by 0 'Connell and Carroll ) . These values are for an unscreened, point 

nucleus·. Roses's theoretical values are also used for theM subshells of the 

59·54-keV transition.· Our absoiute values for the 59.54 L-subshell conversion 

coefficients agree with those obtained by Asaro et al.
25

), as shown in the 
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table, and the L-subshell conversion ratios are also in good agreement with the 

17 
recent values of Wolfson and Park ). One can say that the anomalies in the 

26.4- and 59-5-keV transitions are now quantitatively well established: (1) 

for the 59.5 keV transition a1111 agrees with the theoretical value within the 

experimental error of 15%. QM111 also agrees with theory for both 59-5 and 

26.4-keV transitions, but there is an additional uncertainty in the theoretical 

M-shell values; (2) aLII (59-5) is higher than theoretical by the factor 

3.8±0.6, and OMII (59.5) by about the same factor; (3) a1
1 

(59.5) is higher 

than theoretical by the factor l. 8±0. 3 and ~I (59. 5) by about the same facto·r; 

(4) OMrr (26.4) and OMr (26.4) are higher than theoretical by factors of about 
conversion 

2.2 and 1.6, respectively; (5) the N-subshell/shows anomalies similar to those 

in theM- and L-subshells. 

The 51.01 and 64.83 keV transitions are unambiguously placed in the 

level scheme from the energy-sum relationships; they proceed from the 332.36-

keV level (D 1/2+) to the 281.35 keV level (C l/2-) and to the 267.54 keV 

level (C 3/2-), respectively. The experimental conversion coefficients demon-

strate that these are El transitions, as expected from the level scheme. It 

was interesting to see if any anomalies would be found in their conversion 

coefficients; the data as summarized in table 8 show no significant deviations 

from the theoretical values, although the experimental errors are large in 

these cases. 

... 
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10. E2 Ailinixture in the 13.81 keV Transition 

It is of interest to derive the Ml/E2 mixing ratio of the 13.81 keV 

intraband transition, but there are no readily applicable theoretical M-sub-

shell conversion coefficients with which to do this. The theoretical ·M-sub-

. . 26) . 
shell coefficients of Rose , calculated for an unscreened point nucleusi-

extend only down to 25.6 keV. Recently, O'Connell and Carroll27 ) calculated 

conversion coefficients near threshold (around 15 keV in Np) for an unscreened 

point nucleus. With the aid of. these we estimated the theoretical M-subshell 

coefficients, which are given in columns 3 and 4 of table 9. From the experi-

mental M1, M11 , and M111 subshell ratios we obtain a fairly consistent value of 

the mixing ratio, ~0.15% E2. With the assumption of Q = 12 barns for this 
0 

band, we calculate from this mixing ratio [gD-gR[ X (1 + b0 ) ""2.2, where b0 

is the decoupling parameter for the Ml transition
28 ) .. This value is similar to 

29 
those from the other rotational bands ). 

The E2 admixtures of other intraband transitions are given in table 4. 

11. Interband Transitions and Band Mixing 

In the work of RCH, the bands A, B, and D were given Nilsson assign-

ments of 5/2+[642], 5/2-[523], and l/2+[400], respectively. As discussed 

earlier, band C, thought to be K 3/2 by RCH, has been reassigned by LPARP as 

the Nilsson state l/2-[530], and this work has confirmed that assignment. 

The de-excitation spectrum of the 267.54 keV level (C 3/2-) is inter-

esting because the four multipoles El, Ml, E2, and M2 are all observed. Some 

further comments should be made about their transition rates because of the 

level reassignments. Table 10 presents a summary of our data on the absolute 
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rates of these transitions) calculated from our intensities and mixing ratios) 

with use of the measured half-life of this state) 5. 4 ns30 ). Hindrance factors 

are given for all six multipole components) and in the last column the squares 

of appropriate Clebsch-Gordan coefficients are listed; the ratios of the hin-

drance factors are expected to be:proportional to the Clebsch-Gordan ratios if 

the bands are pure in the K quantum number. 

The large retardation of the El and Ml transitions is now readily 

understood in terms of the K-forbiddenness of these transitions. 

In the case of the E2 and M2 transitions) large discrepancies are found 

_between the_ experimental hindrance factor ratios and the theoretical ratios for 

pure K. From our data we find 

whereas the theoretical ratio for K. 
l 

5/2- is 

E2 single proton transitions between the C and B bands violate the asymptotic 

selection rule 6A = ±1) thus we may consider the possibility of contributions 

to the E2 transition rates from K 3/2 adJnixtures) such as are necessary to 

explain the K-forbidden Ml and El transitions .. If theE2.transitions·were to 

take place:-entire}y ,via· a .Coriolis: admix~d K = 3/2- component). the transition.· 

amplitudes would be proportional to the Clebsch-Gordan coefficients multiplied 

by the Coriolis admixing amplitude v'(I-K)(I+K+l). Then the theoretical ratio 

·would be 

. ~. 

/ 

I 

·' 
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0.021 or 

depending on whether the admixture is in the final or initial state. The 

first alternative provides better agreement with the experimental value. Pos-

sible K = 3/2 Nilsson orbitals that have.Coriolis matrix elements with the 

5/2- [523] .orbit are 3/2- [ 532 J and. 3/2- [ 521]. Unqindered E2 transitions can 

take place from the l/2-[530] state to either of these states. 

The situation with the M2 transitions is not as readily explained. 

Our data indicate · 

whereas the theoretical ratio is 1.33. This discrepancy is only made larger 

by the admixture of K. or Kf = 3/2. As pointed out by RCH, a possible explana-
. l 

tion for the high experimental value might be the existence of anomalously high 

K conversion coefficient of the El component of ~267 . An anomaly factor of 13 

would be req_uired to bring the M2 branching ratio into agreement with theory. 

It is interesting to note that the most anomalous El transition presently known, 

the 84 keV transition in 
2~iPa25 ' 31 ), takes place between two bands that have 

been given the same Nilsson assignments as bands G and A. In the case of 231Pa, 

however, the 5/2+[642] band is considered to be very highly admixed. 

Table ll summarizes the experimental relative photon hindrance factors 

'"f' for the interband transitions from band D (K = l/2+). Since ,dipole radiation 

from band D to .band A (K = 5/2) is. forbidden by the K-selection rule, inter-
. l 

pretations of the data must be sought in terms of state admixtures. The Ml 

/ 
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transitions from the 3/2+ .member are comparable in strength to the 38.54 keV 

intraband transition) and should therefore have lifetimes of the order of 

-10 -2 . 
10 s) or about 10 ·single particle units. This is surprisingly fast) con-

that ' ~ • 
sidering/these transitions are K,,forbidden) and implies a rather large· K = 3/2 

admixture in band D or band A. The Nilsson band 3/2+[651] has large Coriolis 

matrix elements with the 5/2+[642] ground state band (AL and is therefore 

likely to be responsible for the strength of the Ml transitions. This band 

237 
has not yet been observed in Np. 

The Ml branching ratios from the D 5/2+ level do not themselves deter-

mine whether mixing into band A or band D is responsible for the Ml transitions. 
spin~dependent part of the 

If we multiply the Clebsch-Gordan coefficients by the/Coriolis admixing ampli-

tude -i(I-K)(I+K+l) to obtain the transition amplitudes) then 

the experimental value 

and K. 
l 

0·.40 

3/2 cases) which agrees with 

We note that the hindrance factors of the (D -7 A) E2 radiations are of 

the same order of magnitude as those of the Ml radiations) thus the E2 transi-

tions must also be retarded. This is consistent 'with the fact that E2 transi-

tions between these two bands violate the asymptotic selection rule .t:.n
2 

= 0) l.. 

Although our experimental relative E2 transition probabilities are only approxi-

mate for the (D -?A) radiations) they appear to agree with the theoretical 

values for K. = l/2 and Kf = 5/2. 
l . 
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12. 
2

37u Beta Decay and Spin-Parity Assignment 

On the basis of beta decay branching and log ft information, RCH assigned 

spin 1/2 to the ground state of 237u. A definitive parity assignment was not 
' 

made, and it was noted that the properties of both the 1/2-[501] ~nd 1/2+[631] 

Nilsson orbitals were probably consistent with the experimental beta decay .. data. 

Recently four members of the ground state rotational band of 
2

37U have 

241 
been observed in the alpha spectrum of Pu by Baranov, Gadzhiev, Kulakov, and 

Shatinskii32). The 237u spin of l/2 was confirmed, and the experimental values 

2 
of the rotational parameters were found to be n /2'::S = 6. 4 keV and a = -0. )_~J+. 

Assignment of the band was made to the 1/2+[631] Nilsson orbital, which is also 

. 239 241 239 
found as the ground state of Pu and Cm. In the case of Pu, the rota-

2 22 
tional parameters are ti /2'::S = 6.25 and a = -0.58 ). 

the 
Evidence against/1/2-[501] 

assignment, considered as an alternative for 237u by RCH, is provided by the 

observed value of the decoupling parameter, .. 0.44, which is considerably closer 

to the theoretical value for state l/2+[631], - -1, than to the value for state 

l/2- [501], - +1. (see, for example, the systematic calculations of decoupling 

. 33 
parameters of K = 1/2 bands presented by Valentin )). 

Further evidence favoring the l/2+[631] assignment is provided by the 

32 241 . 
alpha-particle intensities found by Baranov et al. ) from Pu decay. A 

·.strong alternation is found in the intensities of alpha groups populating the 

various members of the rotational band, which, according to the theoretical cal

culations of Poggenburg3 ) for states in 239Pu, is a characteristic to be ex-

pected to be m~ch more pronounced in the [631] band than in the [501] band. 

It is interesting to consider our 237u beta decay data with respect 

to the 237u ground state assignment 1/2+[631]. The experimental log ft values 



-22- UCRL-16577 

for beta decay to the 1/2 and 3/2 members of band C (1/2-[530]) are essentially 

equal ( ~6. 5) and can be interpreted as first forbidden) unhindered) in a.ccordance 

with the asymptotic selection rules of Alaga?
4 ). An important new piece of in-

' ' 
formation) from the work of LPARP_. is th,~ knowledge of the energy of the 5/2-

member of band C (357 keV). Beta decay population of this state would be de

tected by the observation of the intraband transition (5/2 ~ 3/2) at about 90 keV. 

RCH did not detect this transition, in their photographically recorded conversion 

electron spectrum;but it is difficult to set a meaningful lower limit to the log 

ft value of the corresponding beta transition from their data. It would be of 

237 interest to search for this state in a future study of . U) as its observation 

would be an important piece of corroborative evidence for the even parity as

signment to 237u. 

Beta decays to the 1/2+ and 3/2+ members of band D (i/2+[400]) proceed 

via allowed transitions) but these would be expected according to the asymptotic 

selection rules to be highly hindered because of the change in oscillator quan-

tum number 6N = 2. The observed log ft values (7.3 and 7.8 ;espectively) indi

cate retardations of about a factor of 100 from the "normal" rates for allowed 

transitions) which is consistent with the interpretation given. 

In the de-excitation spectrum of 237u) the 5/2+ member of band D 

(368.6 keV) is observed to be populated in about 0.25% of the 237u beta decays. 

237 . The direct beta decay from U would be second-forbldden and unobservable) 

thus we must assume that the 368.6 keV state arises entirely via an unobserved 

2.3 keV intraband transition (D 3/2+ ~D 5/2+). 

·' ' 
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Table l 
Gamma-ray spectrometers used in the 237u measurements 

A B c 
...... 

Crystal Ge(Li) Ge(Li) \ Si(Li) 

Size l em x 2 em l em X l em 5 mm<P X 3 mm thick 
x 5 rmn thick X 5 mm thick 

Bias (volt) 240 900 390 

Preamplifier EC 1000 FET FET 

( 14 keV 0.97 i 59 
keV 2.4 1.5 1.17 

Resolution 
at 122 keV 2.4 1.6 1.27 

(FWI-lM) 
\267 keV 2.5 1.7 
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Table 2 
Relative-intensity standards used to calibrate the gamma-ray spectrometers 

Photon d 
Relative a Isotope energy Method 

(keV) intensity ~· 

' 

241Am ll. 9 Np 1£ 2.2 PROPb· 

14.0 Np 10.: 37-5 

17.8 Np 1f3 51.2 

20.8 Np 1 . 
'Y 

13.8 

26.35 7.0 

59· 51+ 100 

l09Cd 22.2 Ag Ka: 25.5 SSD 

2~-. 9 Ag Kf3 5.5 

87.7 1.00 

57 co 14.4 ll SSD 

122.1 100 ' 

136.1+ 13 .. ,, 

188Re ·~ 

63.0 Os Ka: 24~·2 ICC 

71.4 Os Kf3 6.6 

155.0 100 

203H 72.9 Tl Ka: 11.9 ICC ~. ,•~ I g. 
•j. 

82.6 Tl Kf3 3.44 

279.2 100 

198Au 70.8 Hg Ka: 2.24 ICC ,": 
•' 

~./ 
:t 

80.) Hg Kf3 0.643 

4n.8 100 

l37Cs j2.2 Ba Ka: 6.85 ICC 

: ~ ... . ~ . 36.4 Ba K - f3 l. 54 

661.6 100 
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Table 2. Continued 

Photon .energy d Relative 
(keV) intensity 

55.8 Hf Kcx 25.2 ICC and DS 

63.2 Hf K~ 7.4 

93·3 16.8 

215.3 80.6 

332.5 94.8 

443.6 83.0 

501.2 14.2 

46.0, Dy K ex 116 ICC 

52.·1 Dy K~ 28.8 

86.8 100 

511.0 180 

1274.6 100 

1173.2 100 

1332.5 100 

898.2 93 

1836.2 99 

1368.5 100 

2T53·9 100 

aAbbreviated as follows { PROP-Proportional counter spectrometryj SSD-Solid
state detector spectrometryj ICC--Assuming K internal conversion coefficient 
of a pure E2 transition from negatron emitter} and use of K-fluorescence yield; 
DS--Well established from decay scheme. 
b Reference 8 
c . . . 
Reference 9 

~he quoted x-ray energies are Kcx:l and K~1 

1: 
' 
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. 237 Table 3 
Summary of U gamma-ray measurements 

E Helative intensities 
'Y 

(keV) A B c Adopted value 
Ge(Li) Ge(Li) Si(Li) 

11.9 Np L 
2 

6.5±0.7 6.5±0.7 

12t. 0 Np Lex 115±12 115±12 

17.8 Np L~ 122±12 122±12 

20.8 Np L 
'Y 

33±3 33±3 

26.4 10. 5±1.1 10. 5±1.1 

33·2 0.5±0.2 0.5±0.2 

38. 5, 43.4 <0.1 <0.1 

51.0 o. 98±o. )_~4 o.98±o.44 

59·5 155±16 158±16 155 155±16 

64.9 ~.o±o.4 5.4±0.5 5.9±0.6 5.4±o.6 

97.0 Np K~ 77±8 76±8 76±8 76±8 

101.0 Np Ka1 99±10 112±11 106±11 106±11 

113.5 Np Kr31 
48±4. 8 44=4.4 46±4.6 

117. 5 Np Kr32 
15. 4±1. 5 14. o±:1. 4 14.6±1.5 

164.5 8.26±o.4o 8.67±0.40 8. L~6±o. 25 

208.0 100 100 100 100-

221.8 0.087±0.005 o.1o1=o.oo6 o.094±o.oo6 

234~5 0.092±0.005 o.o88±o.oo6 o.o9o±o.oo6 

267.5 3.36±o.o1o 3.27±o.o6 3.29±0.06 

292.7 0.010±0.002 O.Ol4±o.003 0.012±0.003 

332.4 .5.80±0.30 5.48±0.22 5·55±0.22 

335· 4 o.45±o.o~ o.44±o.o3 0.44±0.03 

337.8 0.032±0.010 0.038±0.005 0.035±0.005 

368.6 0.241±0.020 0.197±0.012 0.215±0.015 

370.9 o. 5o8±o. 030 0.516±0.031 0.512±0.031. 
.~ .... 



-30- UCRL-16577 

Summary of 237u transition 
Table 4 

energies, intensities, a'nd conversion coefficients 

Transition Transition Photon a Shell Electron b Electron a Internal Mul tipolari ty Re;nark~··. ·· :~:.;. ·:: · 
energy intensity energy intensity conversion 
(keY) (percent) (keY) (percent) coefficient 

C 1/2- --+C 3/2- 13.81±0.02 MI 8.051±0.03 32.9±0.3 Ml + O.l:J% E2 

MII 8. 431±0.03 5.14±0.11 c 

~II 9.370±0.03 2.78±0.11 c 

~Y 9·95 :g.30 c 

My 10.14 <1.44 

NI 12.318±0.03 9.25±0.11 c 

NII 12. 1+79±0.03 1.87±0.11 c 

B 5/2- --+A 7/2+ 26.348±0.010 2.41±0.24 1III 8.75±0.03 3.64±0.11 l. 48±0.19 El 

i''r 20.6o1±0.012 0.952±0.070 0.387±0.065 

MII 20.974±0.012 l. 58±0.12 o. 65±0.10 f 

~II 21. 904±o. 012 0.82±0.04 0.335±0.050 

~Y 22.49 0.18±0.02 0.074±0.014 

My 22.67 0.34±0.02 0.137±0.022 

NI 24.839±0.013 0.29±0.02 0.118±0.020 

NII 25,017±0.013 0.57±0.02 0.231±0.030 

NIII 25.254±0.013 0.22±0.02 0.089±0.018 

A 7/2+ --+A 5/2+ 33.195±0.011 LI 10.764±0.005 JJ_±l.l Ml + 1.4\G E2 

LII 11. 59±0.03 3.1±0.1 c 

LI!I 15.59±0.03 2.1±0.1 

MIII 28.75±0.015 0.65±0.02 

D 3/2+ --+ D 1/2+ 38.54±0.03 LI 10.76 <0.04 E2/Ml >0.3 

LII 16.93±0.015 0.31±0.10 d 

1III'~I e 

MIII 34.10±0.025 0.03±0.01 

--'!'· 
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Table 4. Continued 

'rranoi tion Transition Photon e. Shell Electron b Electron a Internal Multipo1arity Remarks 
encr~,;y intensity enere;y intensity conversion 
(keY) (percent) (keY) (percent) coefficient 

B 7/2- --> B 5/2- 43 ,l.f23±0. 020 ti 20.99 l. 25"-0.13 Ml + 14% E2 f 

LII 21. 81i±o. 012 1.66±0.03 

~ 37.67 0.53±0.03 

MII 38.05 0.67±0.03 

D l/2+ --> C l/2- 51.01±0.03 0.22"0.10 LI 28.59 0.059±0.016 0.26±0.20 El 

LII 29.41 0.075±0.016 0.33±0.23 

1III 35· 1+Q±0.02 o;o8o±o.on 0.35°0.18 

B 5/2- -->A ')/2+ 59·543"-0.015 36.0±3.6 LI 37 .112±0. 005 8.67±0.16 0.24o±0.029 E1 

LII 37.931"-0.006 16. 96±0 •. 17 o.468±o.047 

1III i+l. 926±0. 008 4,7l±O.l6 0.131±0.013 

~\ 5).795±0.010 2.21±0.16 0.061=0.010 

MII 54.173±0.010 4.36±0.16 0.121±0.016 

!!.III 55.099±0.010 1.13±0.11 0.032"0.006 

MIV 55.68 0.19±0.05 0.0053±0.0020 

My 55.869±0.020 0.24±0.05 0.0065=0.0020 .. ,. 

D l/2+ --> C 3/2- 64.83±0.02 1.25±0.13 LI 42.39±0:015 0.123±0.016 0.098±0.023 El 

LII 43.22±0.015 0.16o"-O.Ol6 0.125±0.025 

1III 
1,7, 21"-0. 015 o.l34±o. 016 

.. 
0.105±0.021 

not placed in 111,, 09±0. 05 LI 91. 67±0.05 0.021±0.001, 5 
the decay scheme 

LII 92.47:!0,05 0.021±0.004 g 

1
III 

96. !,6:t0.05 0.023"-0.004 G 

C 3/2- --> B 7/2- 161,. Glio. 02 1.97±o.o6 K 45. 91:':0. 015 0.285±0.010 0.145±0.015 E2 

LI 1h2.17±0.026 0.127±0.006 0.065±0.010 

LII 143. 01±0. 026 1.34±0.02 o.68o±o.o6o 

1III 
146.99±0.026 o.68±o.o1 0.348±0.030 

;.c·.-
·.,, 
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Table 1,, Continued 

Transition Transition Photon " Shell Elec t1·on 
b Electron a Internal tl,ultipolarity Remarks 

energy intensity energy intensity conversion 
(keY) (percent) (keY) (percent) coefficient 

C 3/2- --> B 5/2- 208.005±0.023 23.3 K 89.337'''0.013 53.5 2.30:!:0.12 Ml + 2.1% E2 

LI 18). 569±0.025 9.82±0.10 0.42±0.02 

LII 186.)98±0.025 1. 39±0. 01 o.o6o±o.o3 

LIII 190.)83=0.025 0.108:!:0.003 0. 001+7±0. 0002 

c 1/2-' --> B 5/2- 221. 8o±o. o4 0.0219±0.0011, K 103.13 <O.Ol <0.49 E2 

LI 199.36 <0.0007 <o.o4 

LII 200 .18±0. ol, o.oo44:':o.ooo6 0.200:':0.020 

LIII 2011 .16:':0. 04 <0.004 <0.09 

c 3/2- ->A 7/2+ 234. 4o±o. o4 . 0. 0209:'.0. 0011, K 11). ?I,±O.Oil o .ll,o±o. oo6 6. 73±0.1<0 M2 

c 3/2- -->A 5/2+ 267. 51,±0. 04 o. 765''0.011, K 148.<38±0.0i+ o. 596±o.oo1, 0.776±0.038 El + 2o% M21 

D 5/2+ -->A 9/2+ 292.7 ±O.lh 0.0028±0.0007 [E2]j 

D 1/2+ ->A 5/2+ 332.36±o.o4 1.29±0.05 K 213.7o±o.o4 0.82±0.02 o. o635±o. oo6o E2 

D 5/2+ ->A 7/2+ 335.38±o.o1+ o.102=o.oo7 K 216.72±0.04 0.059±0.002 o.575±o.o6o Ml + <15',(, E2 

D 3/2+ ->A 7/2+ 337.7 ± 0.5h o.oo81±o.oo12 K 219.0 <0.003 <0.37 E2j 

D 5/2+ -->A 5/2+ 368. 59±0. Ol, 0.05Qi0.003 K 249.93±0.04 0.027'':0.001 0.545±0.060 Ml + <15',(, E2 

D 3/2+ -->A 5/2+ 370.94±0.04 0.119±0.007 K 252.28±o.o4 0.053±0.002 o.41.!6±o.o5o Ml + <15',(, E2 

.- .. 

I_ 
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Table ·1·i. Footnotes 

"The quoted inte11s1ties are absolute values in percent of total 237u beta decays, normalized according to the procedure 
described in section 6. 

bThe eleCtron energy values quoted with errors are measured values, which were used for the determination of binding 
energies and transition energies. The values given \dthout errors are from calculated line positions, which v:ere used 
as an aid .for the intensity determinations of weak lines. 

cMeasured with use of a preaccelerator. The quoted error in intensity does not include a possible systematic error of 10%. 

~his line is part of an unresolved Auger group, and the quoted intensity may be too high. 

eThese lines are completely masked. 

fLI43.4 and Mn26.3 are unresolved;. the intensity of each ""'s evaluated with use of L1/LII4).4 from Wolfson and Park. 

gPhoton masked by K~ x ray group . 

. ~he cn~rgy was determined.from the gamma-ray spectrum. 

iThe quoted mixing ratio is baseu on the measured K-conversion coefficient with the assumption of theoretical values 
for the El and i~12 componentc. If, however, the El component is anomalously converted, the r-12 component may be lower; 
see discussion (sec. ll). 

jRequired by. the decay scheme . 
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Table 5 
Atomic electron binding energies in neptunium (Z. 93) 

(binding energies in keV) errors in eV) 

x-ray spectroscopy Cascade-crossover relations 
(iron-free sp~ctrometer) 

Bearden and Hagstr&n Wolfson and This work 
Burrl9) et al. 21 ) Park17) 

K 118.674±33 118.660 118.663±31a 

LI 22.418±2 22. L~l4 22.445±14 22.431±13 

Lir 21.596±0.9 21.596 21. 618±14 21. 612±14 

LIII 17.606±0.9 17.606 17.627±14 17.617±15 

~ 5.719±3.6 5.724 5.750±15 5.748±15 

MII 5.357±2.1 5.354 5.377±19 5· 370±16 

MIII 4.429±3.1 4. 422 4.446±19 4.444±15 

MIV 3.847±0.9 3~847 3.858±19 

Mv 3.662±0.9 3.666 3.670±19 3· 674±24 

N I 
1.476±18 1.490 1. 506±23 1.509±16 

Nil 1.308±18 1.318 l. 334±23 l. 331±16 

NIII l. 079±18 1.076 l. 093±25 l. 094±16 

NIV 0.812±0.9 0.812 0.831±30 

NV 0.766±0.9 0.768 0.786±30 

0 0.340 0.290±30 

p 0.050±30 

aObtained from the K-L
1 

energy difference of the 208 keV transition and the L1 
binding energy. 

! 

i 

) 

... 

. ' 
; 



-35- UCRL-16577 

Table 6 
Conversion coefficients of the pure E2 transitions 

Transition Conversion coefficients .... , .. , 
energy I 

(keV) Sheil Exp The or 
(Sli-v-Band) 

Exp/theor 

164.61 K 0. li+5±0. 015 0.188 0.77±0.08 

LI 0.065±0.010 0.070 0.93±0.14 : j 

LII o. 68o:!-o; o6o · 0.72 0.95±o.o8 

1 III 
0.348±0.030 0.38 0.91±o.o8 

· 221. so LII 0.200±0.020 0.19 l. 07±0.ll 

1III <0.09 0.087 <l.l 

332.36 K 0.0635±0.0060 0.063 L oo±o.1o 

; : 
' 

'' 

.... 



Table 7 
Conversion coefficients of the El transitions from band B to band A 

Transition·· Shell Experimental Theoretical Exp/theor 
energy 

c (keY) This work Others Sliv-Band Rose 

26.35 LIII L48±0.l9 l.2b l. 75 0.82±0.10 

( B 5/2- ----'>A 7/2+) MI 0.387±0.065. 0.250 l. 55±0. 26 

MII 0.65±0.10 0.300 2.15±0.32 

MIII 0.335±0.050 o.4oo o.84±o.l2 

MIV 0.074±0.014 0.168 o.44±o.09 

Mv 0.137±0.022 0.20b o. 69±0.11 

M/MIII 1.16±0.12 l. 2±0. 2a 0.63 L84±o.l8 

MII/MIII 1.93±0.19 o. 75- 2.6o±o.26 I 
\_N 
0'\ 

Mr/Mnr 0.22±0.03 o.44±0.13a 0.42 0.52±0.07 I 

My!MIII o. L~1±o. o4 0·~ 37±0 .ll a 0.50 o.82±o.o8 

NI o.n8±o.o2o 

NII 0.231±0.030 

NIII 0.089±0.018 

N/NIII l. 32±0. 28 L o±o. 35a 

NII/NIII 2.6o±o.5o 2.4±o.8a 

59.54 LI o. 221-o±o. 029 0.22±0.02b 0.134 ·1~79±0.21 

LII o. L~68±o. o47 o. Le6±o. 05b 0.124 3.8o±o.38 ~ 
LIII 0.131±0.013 0.12±0.03b 0.126 1. ol~±o .11 ~ 

.,,.i. ·~ I 

LrfLIII L84±o. 07 l. 76±0 .13a .1:06 L 74±o. 07 I-' 
0\ 
\)1 

LII/LIII 3.6o±o.14 3. 35±0.24a 0.98. 3.67±0.14 
--::1 
--::1 

.. 
·• ,, 
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Shell 

Table 7. Continued 

Experimental · 

.. 
/) 

Theoretical Exp/theor -Transition 
energy 
(keY) This work Others Sliv-Band Rose 

c 

MI 

Mil 

MIII 

MIY 

MY 

M/MIII 

MII/MIII 

Mr/Mnr 

M/MIII 

a Reference 17. 

b 

0.061±0.010 

0.121±0.016 

0.032±0.066 

0.0053±0.0020 

o.oo65±o.oo2o 

1. 94±o. 30 

3.85±0.39 

0.17±0.04 

0.21±0.04 

l. 92±0 .19a 

3.73±0.37a 

0.1±0.012a 

O.l2±0.0l4a 

Reference 25.~ 

cPoint-nucleus, unscreened value. Interpolation viaS made by using the 
keY, given by ose26), and the threshold value around 30 keY) given by 

-

0.045 l. 35±0. 23 

0.038 3.15±0. L~l 

0.043 . o. 74±0.15 

0.0078 0.68±0.25 

0.0097 0.66±0.20 

1.05 l. 9±0.3 

0.89 L~. 3±0. 4 

0.18 0.95±0.22 

0.23 0.91±0.18 

values for 25.6 keY and 51.1 
O'Connell and Carroll27). 

-~' 

I 
\J,j 

-J 
I 

~ 
fl 
I 

I-' 
CJ\ 
\Jl 
-J 
-J 
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Table 8 
Conversion coefficients of the El transitions from band D to band C 

Transition Shell Exp The or Expjtheor 
energy (Sliv-Band) 
(keV) < T 

51.01 LI 0.26±0.20 0.180 l. 4±L l 

( D l/ 2+ ---7 C l/ 2- ) 111 
0.33±0.23 0.188 1.8±1. 2 

1 III o. 35±0.18 0.201 l. 7±0. 9 

L/Lrn o.8o±o.3o 0.90 0.9±0.3 

. 1n/1III 0.91±0.20 0.94 1. o±o. 2 

64.83 LI 0.098±0.023 0.122 o.8o±o.19 

( D l/ 2+ ---7 C 3/2-) :t,II 0.125±0.025 0.096 1.33±0.26 

1rii 0.105±0.021 0.095 1.1o±o. 22 

L/Lni 0.92±0.15 1.29 0.71±0.12 

1II/1III l. 20±0.15 l.Ol 1.19±0.15 
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Table 9 
M subshell conversion coefficients of the 13.81-keV transition · 

Subs hell Experimental ICC Theoretical ICCa Calculated ICC: 
M,l + 0.15% E2 

relative Ml E2 relative ·absolute 

100 6.9(2) 9-3(2) 100 691 

15.6±0.3 7-3(1) 4. 6( 4) 20.6 142 

8. 5:t:o. 4 3.2(0) 2.6(4) 6.1 42 

<7.0 b 
7.1(-1) 4.2(2) 0.19 1.34 

<4 .. 4 b 
3-9(-l) l. 6( 2) 0.09 0.63 

aEstimated from threshold values27); see sec. · 10. 

bThe Mrv and My lines were incompletely resolved from the L3M4M5 and LzM~~5 . 
Auger lines and our measured electron intensities were given as upper fimits only. 



Table 10 
Photon transition probabilities from the 267.54-keV state (c~nd c) 

·;~::::..._.:.:·::.":.:-::::.:= 

Partial half lU'r::' .. t~·=~ Transition Multipolarity Energy Photon 
(keV) intensity 

Single-yu·tiele Experiment es tirrn te 
(Mo"'·ko =-ki) ~L, . ' ..... 

-···-··--·-·-· 

C 3/2- -7 B 5/2- 208.00 23.0 
-8 l? 

Ml 2.2 X 10 l 5 11'< • X -~ 

C 3/2- -7 B 5/2- E2 208.00 0. 2~9 l.l X 10 -6 2. 9 X ·L·) - 9 

C 3/2- -7 B 7/2- E2 162~. 61 1.87 2.5 X 10-7 9 "-) J"l -9 • --' X .. v 

C 3/2- -7 A 5/2+ El 267.54 0.61 8.4 X 10-7 3 ~ ·o-15 • --'X -•-

-6 4 - .-e C 3/2- -7 A 5/2+ M2 267.54 0.15 3.3 X 10 .3 X '-') 

C 3/2- -7 A 7/2+ M2 234.40 0.021 2.L~x1o- 5 8 j ' '-8 • X .LU 

.. 

Hindrance 
factor F 

l.l X 10 
_I+ 

2.7 X l0-3 

3.8 X 10 -2 

L~. 2 X 10-9 

l. 3 X 10 
-2 

3. 5 X 10 -3 

-, 

') 

jcGj<-

0. 571 

0. 429 

0.571 

0.429 

I 
+=" 
0 
I 

~ 
~ 
I 

]---' 
0'\ 
\.Jl 
-...) 
-...) 



Table l.l. 
Relative photon transition probabilities from the K=l/2+ band D. 

Transition Multipolarity Energy 
(l\.eV) 

D l/2+ ~ C 3/2- El 64.83 

D l/2+ ~ C l/2- El 51. Ol 

D l/2+ ~A 5/2+ 

D 3/2+ ->A 5/2+ 

D 3/2+ ~A r:)j2+ 

D 3/2+ ~A 7/2+ 

D 5/2+ ~A 5/2+ 

D 5/2+ ->A 7/2+ 

D 5/2+ ~A 5/2+ 

D 5/2+ --?A 7/2+ . 

D 5/2+ ~A 9/2+ 

E2 

Ml 

E2 

E2 

Ml 

Ml 

E2 

E2 

E2 

332.36 

370.9L~ 

370.9L~ 

337.72 

368.59 

335· 38 

368.59 

335.38 

292.7 

Photon 
intensity 

1.25 

0.22 

1.29 

0.12 

:;0.018a 

0.0081 

0.050 

0.102 

<0.008a 

<0.015a 

0.0028 

Single-particle 
· estimate for 
half -life (sec) 

(Moszkowski) 

2 ·5 X lO-l3 

5.0 x 10-13 

2.8 X 10-ll 

2.6 X 10-13 

l. 6 X 10 -ll 

2.6 x 10-ll 

2.8 X 10-13 

3.6 X 10-13 

l. 7 X 10-ll 

2.6 X lO-ll 

5.2 X 10-ll 

. b Hlndrance 
factor F 
(relative) 

8.4 X 10-3 

3.0 X 10-3 

l.OO 

l.OO 

_8.8. 

6.6 

l.OO 

2.8 

:;o.84 

~2.8 

l.O 

·!CG!2 

0.667 

0.333 

0.571 

o. 429 

0.214 

0.508 

0.278 

aObtained by using E2/Ml $0.15 which is based on the measured K-internal conversion coefficients. 
bThese are only relative because of unknown life times of the relevant levels. 

.. 

I 

+ 
f-' 
I 

g 
~ 
I 

}-J 

0\ 
\.)l 
-..] 
-..] 
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237 
Table 12 

U beta transition rates 

Final state Beta decay Branching 
energy ratio 

Level energy Spin and parity (keV) (percent) 
(keV) 

59-54 B 5/2- 455 <5 

267.54 c 3/2- 248 43 

281.35 c l/2- 234 53 

332.36 D l/2+ 183 3.0 

368.59 D 5/2+ 11+6 <0.25 

370.94 D 3/2+ 144 0.5 

Log ft 
.. 

\ 

>8.3 

6.6 

6.5 

7-3 

>8.1 

7.8 

UCRL-16577 

Forbiddenness 

l h ( Bij) 

l u 

l u 

ah 

2 

ah 

c' 

/ 
/ 
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Figure Captions 

Fig. l. Gamma-ray spectrum of 237u above 150 keV taken with the l em X l em 

x 5 mm thick Ge(Li) spectrometer with FET preamplifier (B). A lead absorber 

of 400 mg/cm
2 

thickness was used. 

Fig. 2. Gamma-ray spectrum of 237u and 
241

Am taken with the 5 min¢ x 3 mm thick 

Si (Li) spectrometer with :FET preamplifier (C), A beryllium absorber of 

2 
50 mg/cm thickness was used to stop electrons. 

Fig. 3. Relative photopeak efficiencies of the solid-state ga~~a-ray spectrom-

eters used in this study. 

Fig. 4. Schematic view of the pre-accelerator system. 

Fig. 5. 1-subshell conversion electron lines of 208.00 keV transition, recorded 

with 50 em TIJ2 iron-free spectrometer. 

Fig. · 6. Lines of fig. 5 plotted on semi-log paper after removal of background. 

Fig. 7. L~subshell lines oi· 164.61 keV transition. 

Fig. 8. Semi-log plot of lines of fig. 7 after background subtraction. 

Fig. g. M-subshell lines bf 59.54 keV transition. 

Fig. 10. Semi-log plot of lines of fig. 8 after background subtraction. 

Fig. 11. M
1 

and M
11 

lines of 13.81 keV transition, observed with pre-accel-

erator system. 

Fig. 12. Electron spectrum in region of M 26.35 and L 43. 42, observed with 

pre-accelerator system. 

237 ' Fig. 13. Decay scheme of U. Photon intensities normalized to 100 beta 

disintegrations, are given in parentheses. 

Fig. 14 .. Comparison of the experimental K conversion coefficients with the 

theoretical values of Sliv and Band. 

Fig. 15. The experimental K, 1
1

, 1
11

, and 1
111 

conversion coefficients of the 

24 
208 keV tra0sition compared with theoretical values of Sliv and Band ), 

calculated as a function of Ml + E2 admixture. 
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This report was prepared as an account of Government 
sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor

mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contr&ctor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 
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