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ABSTRACT 

The relative intensities of electromagnetic radiation from Np 238, de--

termined by scintillation spectroscopy, set an upper limit for K capture of 

K/beta <1 percent. 

Ori the basis of extensive scintillation counter coincidence measure• 

ments together with the beta spectroscopic results of the preceding article 

two alternate decay schemes, differing only in minor detail, are proposed 

for Np
238

. The levels of Pu238 involved are three close-lying ground 

rotational band members and a cluster of three levels near 1 Mev, two ·of 

which appear to belong to the same rotational band. Conversion coefficient 

determinations ·permit multipolarity assignment for a number of the gamma 

tran~itibrts and consequent spin and parity assignments for a number of 

excited states. Selection rules and other intensity rules involving the 

Bohr-Mottelson K-quantum numbers are tested, providing K assignments 

for levels. There is a high degree o£ K-purity of those states where tests 

were possible. The question of possible uvibra.tional" character of the 

band near 1 .Mev is discllseed speculatively. 

' ' ' 

Much of 'this work was performed under the auspices of the U.S. Atomic 

Energy Commission. 
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Jt Scintillation Spectroscopy and Coincidence Studies 

John 0. Rasmus seri, Frank S. Stephens, Jr., and Donald Strominger 
Department of Chemistry and Radiation Laboratory 

University of California, Berkeley, California 
' 

and 

BjHrn ~'st~tlm 
The Nobel Institute of :Physics, Stockholm, Sweden 

February 17, 1955 

INTRODUCTION 

... 
Supplt!mentirtg the beta spectroscopic studies of Np 

238
, as reported in 

f . ·~' 1 
the preceding paper (referred to here as paper I), we have carried out 

scintillation spectroscopic studies of the electromagnetic radiation and 

have also performed various coincidence studies with scintillation counti'ng 

equipment. The coincidence result.s are of key importance in the establhh· 
' 

ment o(a probable decay scheme. 

SGINTILLATION SPECTROSCOPY AND THE QUESTION Olf 
·K-CAPTURE 

2.38 
The Np sample was prepared by thermal ,neutron bombardment of 

Np
237 

in the homogeneous reactor at the Universit~ of Calif.ornia Radiation 

Laboratory, Livermore, California. The integrated neutron flux during 

f . 1 . . f' . 239 the ir'radiation was su£ icient y small that no stgni 1cant amount of Np 

was formed. Chemical purification involving lanthanum fluoride precipi-

tation followed by two TT A (thenoyltrifluoroacetone) solvent extraction. 

Much of t his work was performed under the auspices of the U.S. Atomic 

'! Energy Commission. 

l. · Rasmussen, SUltis, and Passel!, Pbys. Rev., preceding article. 
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steps similar to .the procedures described by Magnusson, Thompson, and 

Seaborg
2 

was made to purify the neptunium fraction from fission products 

and other impurities. 

' . 3 1 The 50-channel pulse-height. ana. yzer was used to study the gamma 

spectrum of Np
238 

from a sodi,um iodide scintillation crystal. This 
J 

spectrum shows an unres9lved photopeak near 1 Mev made up of 4 high ... 

energy gamma rays, 
1 

a photopeak near 100 kev made up of 102-kev gamma 

. and K 'trays, and a low-energy x-ray peak of about 20 kev. Sdntillat.ion 

spectroscopy in Stockholm showed the same peaks and no others. 

The appar;ent resolution (ratio o{ energy width at half -height to photo .. 

peak energy expressed in: perceht) of this l .. Mev photopeak wa·s 10.6 per-
1 

. ' . 1 54 
cent compared with 7. 3 percent for the 0. 84•Mev photopeak of .Mn and 

' ' ' 207 
7. 5 pencent for the 1. 06-Mev photopeak of Bi . This result clearly 

shows the composite nature of the 1-Mev. peak in Np 
2
·
38

• 

The 1 Mev photopeak decaye<l with a half-life of 2. 04 days, in 

excelleht agre~ment with the 2.10-day half-life previously reported by .. , 
. 4 

Freedma.n et al. --
TP,e decay of the peak in the 100-kev region was c o.mplex. This com .. 

plexity can be explained by the presence of a considerable quantity of 

.. 

2. Magnusso'n:, Thompson, and. Seaborg, Phys. Rev. 78, 363 (1950). 
. -

/ 
3. Ohiorso and Larsh, University of California Radiation Laboratory 

~ 

Report UCRL-Z647, 1954 (unpublished). 

4. Freedma.n, Jaffey, and Wagner, Phys. R.ev. 79, 410 (1950). 
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237 . 2!3 Np and the growth of ita alpha decay daughter, Pa , into the sample. 

The decay of the 100-kev peak was followed for 4 months, at the end of 

which time it .was possible to calculate the component contributions due to 

N 
238 N. 237 · · d. ·p 233 p , p , an a . 

Corrections were th~n made for the sodium iodide crystal efficiencies 

for the 1-Mev and the 100-kev photopeaks. 5 As a ·result, it was determined 

that the gamma and K x-radiation of the 100-kev region had a total intensity 

of 3. 8 percent of the total number of unconverted gamma transitions in the 

1-Mev region. Only 55 percent of the beta transitions populate the energy 

levels near 1 Mev in Pu
238

. 
1 

Therefore, the observed. intensity of the 

approximately 100-kev p~otons in the decay of Np
238 

is 2.1 percent of the 

total beta disintegrations. From beta spectroscopic results we can account 

for 0. 5 percent as K x-rays from conversion of energetic gamma rays and 

0. 5 percent as 102~kev gamma .rays (using a conversion coefficient
6 

of 5). 

There is an excess of 1.1 percent photons not accounted for; and this figure 

constitutes an upper limit for pos'sible K capture. It seems highly unlikely 

that the excess iS in fact attributable to K capture, since the latest estimate 

. 7 . 
of Qlase ~ 2!.!·. of the av11ilable energy for electron capture (based on 

,· 

· 5· .. M .. I. Kalkste.in and J. M •. Hollander, University of California Radia­

,tion Laboratory Report UCRL-2764 (1954). 

6. Asaro, P·erlman. and Thompson, Phys. Rev. <tl-• 694 (1953). 
' ' 

7. Qlaas,. Thompson, and Seaborg, Journal of Inorganic and Nuclear 

Chemistry.!. , 1 (1955 }. 
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. . I 
closed decay cycle energy balanees) is 0.10 Mev, insufficient for K 

capture to occur at all. We attribute the ·excess 100-kev photons to 

fl . \ d. . f . h N 237 . 1 - uorescence ra J,ahon rom t e p mass 1n the s·amp e. 

Jaffe
8 h~s made a study of ~he L x-rays a.rising from the Np

238 
decay, 

using a Cauchois~ype bent-crystal spectrometer of high resolution. His 
~ ~~ 

failure to find·· L x-rays o£ uranium allows him to set an upper limit of 

4·percent for L
1 

capture and 2 percent for Lu capture relative to the, 
'f.: 

beta transitions. 

COINCIDENCE MEASUREMENTS 

t ' 

It is well to bear in mind what is known concerning the lowest .. lying 

levels, ·rs determined by studies 
6 

of the alpha emitter Cm 
242

. There 

are ~xcited ftates at 44 and 146 kev with spin and parity assignments of 

2+ and 4+, respectively. There are cascade E2 gamma transitions inter-

connecting these states. From the theoretical conversion coefficients of 

' - ~ -- ' 6 
O~llman ~ ~·· the experimental conversion coefficients of Asaro ~- i!!., 
and the r,elative L:.MNO conversion res11lts discussed in paper 1 we esti­

mate that the 44 -kev transition is almost totally (99. 9 percent) internally 

converted (77 percent by L
11 

and L 1U conversion), and the 102-kev transi;. 

tion is approximately 83 percent converted (67 percent of the conver-sion 

electrons being from Lu and Llll orbitals). Thus, for the eneraetic gamma 
f 

rays,· those going to the ground state will be in coincidence with neither 

L x-rays nor 102.~kev gamma rays. Of those going to the 44-kev state, 

8.. ·H. Jaffe, Ph. D. Thesis. University of California Radiation Laboratory, 

Report UCRL-Z537, 1954 {unpublished). 

9. Gellman, Griffith, and Stanley, Phys. Rev. ~· 944 (19SZ). 
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about38 perqmt will be in coincidence with L x-ray$ (assuming a fluorescence 

yield of 50 percent). Of those going to the 146-kev state, approximately 

17 percent will be in coinddenc,e with 102-kev gamma radiation, about 

45 percent with one L x-ray, and about 11 percent with two L x-rays. 

Most of the coincidence measurements were carried out with appara.tus 

employing a sodium iodide (thallium activated) crystal and Dumont 6292 

photomultiplier tube in each coincidence channel. A puhe in one channel 

of a height selectable by a single-channel differential discriminator gen­

erates a gate pulse which gates a SO·channel pulse -height analyzer 3 to 

analyze a simultaneous pulse in the other coincidence channel. The 

effective coincidence resolving time. 2.,
0

• was about 1 microseconds 

for these experiments. 'The sample was placed directly between the two 

detectors, spaced such that the 1'-inch cylindrical detector crystals each 

subtended about 30 percent of 411' solid angle. The detectors were shielded 

by lead. 

The energetic gamma spectrum in coincidence with electromagnetic 

radiation approximately 100 kev in energy (including K x•r.ays and 102-kev 

nuclear gamma ra.ys) was examined. ~order to prevent beta particles 

from registering as gate counts the lOO•kev radiation was observed through 

691 mg/cm 2 of aluminum. In addition 4 gm/cm
2 

of lead :..Vas used on t~e 

signal side of the coincidence unit, since this amount o£ absotber is not 

sufficient to cause serious attenuation of the hard gamma rays. 

The curve of Fig. la shows the coincident gamma energy spectrum 

observed. This is to be compared with the ordinary total gamma ("singles") 

spectrum (solid line lower curve) taken at the same amplification. The 

shift of the pf!aks between the two curves is to be noted, the peak in 
I 
' 
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coincidence with. about 100-kev radiatio.n lying at the low-energy side of the 

composite "singles" peak. We kn~w from the beta spectroscopic results 

in paper I that the gamma 11 singles 11 peak consists of at least four different 

gamma' rays of energies 10Z9, 986, 94Z, and 927 kev. From these coin• 

cidence results we conclude that v942 , y927 , or both, proceed to the 

. 10 
146-kev level. Th~s result was reported earlier. From the beta spec-

troscopic 1·esults we know that only the four high-·energ'y gamma rays have 

enough.energy for K conversion. Thus, there can be no interference in 

the above coincidence measurement from K x-ray-gamma coincidence.s. 

The peak shift result for the radiation coincident with about 100-kev 

radiation was independently determined using anothe11 coincidence-pulse 

analysis apparatus '.Nith a resolVing time 2-r 
0 

of about 6 x 10 -e second. 

With the shorter resolving time a more active sample could be used. The 
. . . 0 

detection crystals were further from the sample and making a 9"0 .angle 

with it. · Two inches of lead shielding was placed between the crystals to 

minimize spurious coincidences arising from Compton scattering of gamma 

rays from one crystal to anoth~r. The counters were unshielded except 

for the one lead brick between them. Sufficient beryllium absorbers to 

stop completely all beta rays were used before each detector. Thus, we 

feel that these results, though concerning a rare coincidence process, are 

' ~- real and not1 spurious. 
I 

10. Rasmu.ssen,.· Passell, and Stephens, University of California Radia• 

tion Laboratory Unclassified Report UCRL-2585, 1954 (unpublished) . 

.. 
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The energetic gamma spectrum in coincidence with L x-rays (about 

18 kev) was studied with the first mentioned coincidence. equipment. In 

this case it was not possible to use aluminum to absorb the beta particles, 

as it would attenuate the L x-rays by too large a factor. Therefore 

797 mg/cm
2 

ol beryllium was used on the gate side of the coincidence unit. 
I 

. . 2 
The hard gamma rays were observed through 2. 9 gm/cm of lead. 

The dashed curve of Fig. lb is the resulting coincidence spectrum and 

is plotted together with the ordi.nary "singles" gamma spectrum to show 

most Clearly their differences. The curves are arbitrarily normalized to 
high energy side 

be. equal at channel 19. One notes that the ~.. l . .. . of the broad 

,. "singles" peak is strongly depressed in the coincidence spectrum, a dear 

proof that the maximum energy gamma ray, v1029, proce.eds to ground. 

,.(We shall later propose in the decay scheme section that y1029 is act\lally 

two gamma. rays, within 2 kev of the same energy, the more intense of 

which goes to grou~d and the other to the 44-kev state. The curves of 

\' Fig. lb are consistent with such an interpretation. ) One also notes that 

the lower energy part of the "singles" peak is slightly enhanced in the L 

... 

x-ray coincidence .spectrum, a further confirmation of the earlier ton-... 
:;.,elusion that y927 , y942, or both proceed to the 146-kev state. 

A determination was also made oft he absolute L-gamma coincidence 

rate, which measurement is of great aid in establishing intensities of 

various radiations in the decay scheme. That is, the. single channel 

analyzer was set to accept pul$eS {rom the photopeak of.the energetic gamma . . 
rays, and the total number of gates generated by the single channiel analyzer 

in a given counting time was recorded along with. the integrated L x-ray 

coincidence peak recorded on the 50-channel analyzer. A similar 
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measurement on alpha particle -L x-ray coincidences for Cm 242 was 

made with the same geometries and absorption path (aluminum backing) 

for L x-rays. By comparing the results of the two measurements (know­

ing from alpha spectroscopy
6 

that 26. 3 percent of the alpha particles 

populate the 44-kev state and 73.7 percent, the ground state), it was 

possible to calculate the fraction of energetic gamma raJS populating 

the ground state, the calculation being independent of such uncertain 

quantities as L fluorescence yield, L x-ray absorption loss, and detector 

geometry. For such a calculation we make use of the result from the 

beta spectroscopic work reported in paper I that the 146 .. kev state is 

populated in 3 percent of the beta disintegrations and that energetic gamma 

transitions occur in 55 percent of the disintegrations. Also, the conver-

sion coefficients for the 102-kev gamma ray are used. 

The result of the determination may be stated in the following two 

ways: 

If there were no energetic gamma rays going to the 146-kev state, 

the result would indicate 37 percent (based on total beta disintegration) of 

the gamma rays going to the 44-kev state and 18 percent going to ground. 

If we assume the 14b-kev state is populated entirely by gamma and not 

by beta transitions, the proportion of high energy gamma rays going to the 

various states (percentage of total beta disintegrations) must be 3 percent 

to the 146-kev state, 32 percent to the 44-kev state, and 20 percent to 

ground. 

A coincidence measurement similar to the preceding one was nDde 

between electrons and L x-rays, with the substitution of an anthracene 

crystal detector for the electrons. We wished to determine the fraction 
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of hard beta disintegrations (E = 1. .25 Mev) which went to the various max 

low-lying states. Electron energies including sections of the hard beta 

spectrum but avoiding conversion lines and the soft beta spectra 

(E = 0. 27 Mev) were selected by the single-channel analyzer serving max 

as the coincidence gate generator. The ratio of L x-ray coincidence 

counts to gates was m .;;asured and again compared with the alpha-L x-ray 

results from a Cm 
242 

standard in the same position. The result of such 

a measurement was reported10 previously as indicating (assuming no hard 

beta decay to the 146-kev state) that 72 percent of the hard beta transi-

tions iP to the 44-kev state, and 28 percent to ground. Later results 

showed the first report to be in error. The early measurement was made 

with only one sample, of relatively high activity, and there is apparently a 

loss in coincidence efficiency at higher counting rates in this apparatus. 

The later results showed a counting value of 100 percent of hard beta par-

ticles to the 44-kev state when sufficiently small samples were used. 

Beta particle energies of 410 to 610 and 1020 to 1200 kev were used as gates 

and both intervals showed the above limit. (It should be mentioned regard­

ing the loss effe.ct that the L-gamma results of the preceding paragraph 

were checked with sources o! &trengthl!l differing by a factor of four and 

found essentially constant.) 

Engelke meier was reported by Freedman, Jaffey, and Wagner 4 to have 

found coincidences between hard electrons and electromagnetic radiation of 

about 100-kev energy. The determination is an important one, as it bears 

on the question of whether a bard beta group populates the 146-kev state. 

Our gamma-gamma coincidence work showed that the 146-kev state is 

populated by energetic gamma rays, but to what fraction of its 3 percent 
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total population was not determined. It is clear .that there will be coind-

dences between K x-rays and energetic K conversion lines (0. 5 percent of · 

total disintegrations), but by examining the energy spectrum_ of electrons 

in coincidence with 100-kev radiation it was thought that it might be possi ... 

ble to find a hard beta continuum under the conversion lines.. It is clear 

that the coincidence rate with a hard beta continuum will be about equal to 

the conversion line coincidence rate if all the 3 percent population of the 

146-kev level were due to a hard beta group. 

Figure 2 shows the results of such a measurement of the electron 

spectrum in coincidence with 100-kev radiation. The data are probably 

consistent with there being no hard beta continuum at all, but drawing in 

a cu.tve for the maXimum amount of hard beta continuum that could be pre­

. sent, one can set an upper limit that coincidences with a continuum must 

be l.ess than 80 percent of coinciderices with conversion electrons. The 

limit only tells us that the 146-kev level cannot be completely populated by 

the hard beta gra:up. We shall arbitrarily assume for the later decay 

scheme proposals t):}at the 146-kev level is populated entirely by energetic 

gamma rays and not by beta particles. 

DECAY SCHEME PROPOSALS 

In attempting to construct a decay scheme we start first with the 

ground rot~tional band kno~n 6 
from alpha decay fine structure studies in 

cm 242 .. That is, there are levels in Pu238 at(), 44. 0, and 146.2 kev with 

spin and parity 0+, 2+, 4+, respectively. Connecting these levels are 
. . 

califading EZ transitions, highly internally converted. 

I 
! 
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There are four high energy gamma transitions of 927, 942, 986, and 

1029 kev to account for. The L·gamma coincidence result that y1029 goes 

to ground _means there must be a level at 1029 kev. The 986-kev gamma 

transition ia then accounted for as the transition between the 10l9 -kev 

level and the 44-kev level. The hard gamma-102-kev gamma coincidence 

result was that y927 , y942, or both are in coincidence with 102-kev radia­

tion, and the hard gamma-L x-ray coincidence studies (hard gamma peak 

shape comparisons) tend to support the conclusion that ~either y927 no1· 

y942 go to ground. Thus, regarding additional levels, we are left with 

three ch~ices: 1) levels at 1073 and 1087 kev, 2) levels at· 1073 and 986 kev. 

or 3) levels at 1087 and 971 kev. It is to be noted with the first two choices 

that there are two separate places in the decay scheme where a gamma 

trans.ition of 1029 kev could occur, namely, from the 1029-kev level to 

ground and from the 1073 -kev level to the first excited state. In order to 

·reco~cile the num~rical L-garnma coincidence result that the hard gamma 

intensity to the ground state is 20 percent of total beta disintegrations, we 

can postulate that the 1029-kev gamma is indeed complex with energy 

difference of the two components too small for resolution even on the 

double-focusing beta spectrometers. Therefore, we prefer alternatives 

(1) and· (l) for our furt~er decay s~heme discussions. 

The attempt to assign intensities to all the transitions in the decay 

scheme is handics.pped by iP,complete information regarding intensities of 

the weaker hard gamma a~d soft beta. transitions. Nevertheless, by using 
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the absolute L .. garnma coincide.nce result of 20 percent hard gam:ma to 

ground·, the uranium photoconversion electron result of paper I that 

f 1029 : ..r986 = l:O. 83, and other intensities from the beta spectroscopic work 

(10.2-kev transition= 3 percent; hard beta:total soft beta= 45:55) and 

assuming intensities for y
927 

and y
942 

in the ratio of their K conversion 

lines, 1:2, we can calculate intensity figures for all transitions with decay 

scheme (1). It is obvious that the intensities of the weaker transitions as 

determined in 'this manner may be very uncertain where they are based on 

differences of relatively large numbers. Figure 3 show.s the resulting 

decay scheme, where the uncertain intensities are given in parentheses. 

Below the intensities of the various beta groups are given their log ft 

values, underlined. 

Using the same intensity data b\lt with the level scheme discussed as 

alternative (2) above,· one obtains the decay sc.heme of Fig. 4. With the 

scheme of Fig.· 4 it is possible that y 986 might aleo be complex, as there 

are two places in the scheme where it might occur. The purely arbitrary 

assumption of zero intensity for the transition from the 986 .. kev level to 

ground was m .ode for Fig. 4. 

While either decay scheme accounts for most of the data, it is 

appropriate to summarize the remaining inconsistencies. 

First, according to the decay schemes the 44-kev transitions should 

occur in 80 percent of the total beta disintegrations, the pe;rcenta.ge having 

been fixed by the absolute L x-ray-hard gamma coincidence rate measure­

ment. In considerabl~ disagreement is the figure of 65 percent from the 

beta spectroscopic measurements of SUttis, Rasmussen, and Atterling. 
11 

ll. SUttis, Rasmussen, and Atterling, Phys. Rev. ~· 646 (1954). 
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Even the figure of 75 percent from Freedman. 'Jaffey, and Wagner is on 

the· low side. Possible sources of error in the electron spectroscopic in-.. 
tensities could result as a consequence of the low energy of conversion 

lines, with uncertainty .in counte.r win.dow transmission corrections and 

resolution of peaks broad~ned by finite sample thickness. The ratios of 

inte~sities of conversion lines (L11, Llll' M, N) determined by Sltltis ~ '!!· 11 

agree better than those of Freedman et al. 
4 

with independent dt:terminations 
' --

of Passell. 
12 

All these measurements are compared in Table I of the 

preceding paper I. The true intensity of gamma rays to grou?d is probably 

intermediate between tl:le coincidence and the spectroscopic determinations, 

but in view of the disagreement between the different spectroscopic deter-

minations we have chosen ~o use the coincidence measurement as the basis 

for the decay scheme intensities.· 

Second, it is to be noted that the absolute relative amounts of bard 

gamma and approximately 100-kev radiation as determined by scintillation 

pulse analysis do indicate an excess of approximately 100-kev radiation 

beyond that given by the propGsed decay schemes. It is not reasonable on 

energetic grounds, as discussed earlier, to attribute this excess radiation 

to K c.apture. A related discrepancy involves an apparent excess over 

expectation of soft beta coincidences with approximately 100-kev radiation, 

as measured roughly by integration of the curve o! Fig. 2. The measure .. 

ment is not very quantitative, since scattering and absorption effects on 

the eleG:trons in this coincidence experiment introduce uncertainties that 

would be hard to estimate. 

12. T. b. Pass ell, Ph. D. Thesis, University of California Radiation 

Laboratory Report UCRL-2528, 1954 (unpublished). 
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Finally, regarding further .work which might be profitable, we would 

suggest that beta spectroscopic work at even higher resolution might be 

fruitful, especially in the region ·of the high energy conversion lines. 
,I; 

Coincidence experiments with two beta spectrometers would be desirable. . . 

Experiments to determine the relative intensities of the weaker bard gamma 

rays are important. Such might lie within the range of Caucbois -type bent 

crystal &pectrotneters, or one might study by beta spectroscopy the K 

photoelectrons from radiators of considerably lower atomic number, than 

· ur.anium. A uranium radiator was 11sed in the experiments reported in 

paper I. and the K photopeaks of the weaker gamma rays lie obscured by 

Compton electrons of the intense gamma rays. 

HARD GAMMA CONVERSION COEFFICIENTS 

Using the gamma intensities £rom the decay schemes and the K electron 

· line intensiUes from paper I, the K conversion coefficients of the hard 
, I 

gamma rays have been calc11lated. Table 1 summarizes the data and results. 
' 

It is felt that a multipolarity assignment on the basis of K conversion 

coefficients !Gr ~he two most intense hard gamma rays is justified. Despite 

t~e probable unres .. olved doublet nature of y1029 and the consequent average 

.J·me.aning of its con:vereion coefficient, the major branch of the do11blet is 
!;·, 
·probably of EZ character, necessarily pure EZ since the final state has spin 

~. zero. Thus, the level at 1030 kev must have spin 2 and even parity, as the 

ground state is presuma-bly 0+. The fact that the experimental conversion 

coefficient is smaller than the tlreoretical unscreened value n'iay in part . . \ 

be due to experimental uncertainty and in part due to neglect of screening 

in the theoretical calculations. With regard to the latter point, some of the 
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Table 1 

Hard Gamma Conversion Coefficients 

Gamtna Gamma intensity ( %) K line 
energy intensity 

Scheme 1 Scheme 2 {~)(from 
Berkeley 
double­

focusing 
spectrometer) 

Experimental K con­
version coefficient 
Scheme 1 Scheme 2 

Theoretical K con­

version coefficients 

(interpolated from 
Rose~~-~~ 

El E2 Ml 

13. R,ose, Goertzel, Spinrad, Harr, and Strong, Phys. Rev. 83, 79 (1951). 

Experimental 
K:L ratio 

(from Berkeley 
double­
focusing 
spectrometer) 

M2 

· Multipolarity 
assignmeit 

c::: 
() 
!:V. 
t"' 
I 

·~ 
0'­
~· 
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recent screened K conversion coefficients calculated by Rose and others14 

seem roughly 10 percent lower than the. unscreened for EZ transitions of 

comparable energy in large Z elements. 

Within experimental uncertainty the conversion coefficient of 'V986 

indicates E2, although an admixture o! a few percent Ml character could 

not be e~cluded by our data. 

The uncertainties associated with the gamma radiation intensities of 

the weaker hard gamma rays make definite multipolarity ass~gnments out 

of the question, but their orders of magnitude indicate E2 or mixed E2-Ml 

character as most likely.' (It is apparent that with all the gamma rays the 

conversion coefficients might be explained by El-M2 mixtures, but this 

explanation is not given serious consideration in view of the generaf rarity 

of that .particular admixture, and the K/L ratios give experimental evi-

denc.e against the El-MZ interpretation.) 

It is of some interest to compare the K/L conversion :r;atios with the 

earlier correlation of Qoldhaber and Sunyar. 
15 

For gamma rays about 

1 Mev and Z = 94 their plots against Z 
2 
/E would give a K/L ratio o£ about 

6 for E2 and about 8 for Ml or M2. The lower experimen.tal K/L ratios . . 

in the case of our E2 gamma rays of 1029 and 986 kev are further examples 

of systematic deviations to the low side for high Z elements. Goldhaber 

. ..,. · and Sunyar15 called attention to some such deviations, and the work of 

14. M. E. Rose, privaely circulated tables (l9S4). 

'· . 15. M. Ooldhaber and A. w. Sunyar, Phys. Rev. ~. 906 (1951). 

l ., 

\ 

.. 
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Alburger and Pryce on B1 decay provides a good example of this soi·t 

of deviation. Their E2 gamma transitions of 880. 5 and 803. 3 kev have 

K/(L
1 

+ Lll) ratios of about 4. 7. Our K/L ratios from Table 1 are con­

~tent with the E2 assignment in view of the considerable uncertainty in 

our L line intensities. From the L sub shell conversion calculations of 

Gellman·~ ~· 9 
inclusion of the Llll conversion in K/L ratios would have 

' virtually no effect for Ml trapsitions and less than 30 percent effect for 

E2. Thus, we are justified in comparing :our K/L ratios with K/{L
1 

+ Lu) 

r<\tios. 

CONSIDERATIONS INVOLVING THE K ClUANTUM NU~v1BERS 

Two interesting observations may be made with regard to the gamma 

transitions occuring from the 1030 -kev level. First, the rather pure E2 

character of <y986 , though Ml is allowed, seems unusual according to 

lifetime estimates f-rom the single particle"lifetime formulas. Second, the 

absence (see paper I) of an E2 transition of 884-kev en~:rgy proceeding to 

l 
the 4+ state at 146. 2 kev seems unusual. It is concerning just such ob-

servations as these (relative transition rates to various mem hers of a 
1\ 

nuclear rotational band) that the deformed nuclear model makes precise 

predictions, and one might expect the model to be useful around mass 

number 238 where nuclear rotational band systems are much in evidence. 

For the present we need consider only the intensity rules arising from the 

simple approximate separation of the nuclear motion into the relatively 

16. D. E. Alburger and M. H. L. Pryce, Phys. Rev. 95, 1482 (1954). 

(See Fig. 10.) 
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slow rotational motion of a spheroidally deformed nucleus and a more rapid 

internal motion of a deformed intrinsic structure. This separation is des-

17 cribed in the forthcoming paper of Alaga, Alder, Bohr, and Mottelson 

and constitutes a more general case of the strongly deformed nuclear model 

of Bohr and Mottelson. 
18 

The rotational separation introdu~es one quantum 

number in addition to 1, the total angular momentum, and Tr, the parity. The 

new quantum number is K, the projection of the total angular momentum along 

the nuclear symmetry axis, and the K-purity of nuclear states will depend 

upon how valid is the approximate separation of rotational and intrinsic 

structural motion. K remains the same for all members of the same rota-

tional band and is equal to the spin of the base level of the rotational band 

except for an anomalous case when K = 1/2. Thus, K is zero for the members
1
; 

of the ground rotational band as indicated in Figs. ·3 and 4. 

Th.e relative rates of tht;! electric quadrupole transitions from the 

1030-kev level to the states of the ground rotational band give us a means 

of evaluating K for the 1030-kev level. After dividing out the fifth power 

energy dependence we may obtain the ratios of reduced transition probabili-

ties. By the theory these ratios should be simply given by vector projection 

factors, the squares of Clebsch-Gordan coefficients involving the K and I 

quantum numbers and the multipo1arity L of the transition. This relation 

as given by equation (12) of A1aga:,! '!.!-· 17 
is shown below: 

·. 2 
(liLKiKf-Ki I liLlfK£) 

= 
<I. LK.Kf-K. I I. Llf'Kf) 

2 
1 1 1 1 

·'t 17. Alaga, Alder, Bohr, and Mottelson, CE.RN/T / A-A-B-M-1 (August 

1954), (to be published in Dan. Mat. Fys. Medd. ). 

18. A. Bohr and B. R. Mottelson, Dan. Mat. Fys. Medd. 2_7, (16) (1953). 

! 



-20-

where the Clebsch-Gordan coefficients are in the notation of Condon and 

Shortley. 19 Clebsch-Gordan coefficients have been tabulated numerically 

by Simon. 
20 

Table 2 presents the experimental and theoretical 

(Ki = 0, 1 or 2) relative reduced transition probabilities for the ga.mma rays 

!rom the 1030-kev level. 

The assignment K = 2 is clearly indicated for the 1030 -kev level. With 

this assignment the absence of Ml character in y
986 

finds a natural expla­

nation. The Clebsch-Gordan coefficient vanishes when AK exceeds the 

multipolarity L¥ hence, dipole radiation is K-farbidden (see Alaga ~ <"!.!., 17 

equa,tion (6a)). 

Table 2 

Experimental and Theoretical Relative Reduced E2 
Transition Probabilities from the 1030-kev level (2+) 

Final state Experimental B(2 - l£) Theoretical B(2 - If) 

If B(2 - 0) B(2 - 0) 

' Scheme 1 Scheme 2 K -i - ol K 
i = 1 Ki = 2 

2+ 1.5 1.3 1. 43 o. 37511.43 
(44 kev) 

4+ <0.3 <0.3 ' 2. 57 1.14 o. 0714 
(146 kev) 

19. Condon and Shortley, Theory of Atomic Spectra, Cambridge University 

Press, London, 1935. 

20. Albert Simon, Oak Ridge Laboratory Report ORNL-1718, special (1954). 
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I 

The spacing of 44-k.ev between the 1029- and 1073-kev levels and the 

gamma radiation from the 1073 -kev level suggest to us that the 1073-kev 

level be assigned (2, 3+) as the first excited member of a rotational band 
.. 

based on the 1029 level. The rotational moment of in~rtia for this upper 

band is the same as that of the ground state band within the accuracy of 

our measurements. The theory predicts (for pure E Z radiation) 

B~! Ii = 3 - If= 4)/B(Ii = 3 - If= 2) = 0. 40. The e~erimental relative 

intensities of the gamma rays from the 1073-kev state are too uncertain to .. 
make a significant test of the reduced transition probability rules discu.ssed 

above. 

INTE.RPRETATION OF BETA TRANSITIONS 

The log ft values of the -various beta groups, as calculated using the 

21 
nomograms of Moszkow.ski are given on the decay schemes Figs. 3 and 4 

a.s underlined numbers. They are summarized in Table J. 

Table 3 

Beta Group Energies and Log ft Values 

Beta Energy K, spin and parity Log10£t 
(kev) of final state Scheme 1 Scheme 2 

12 60 0,2+ 8.5 
2 75 2,2+ 5.8 

2 31 (2. 3+) ( 6. 4) 

21 7 ? ( 7. 1) 

or 

31 8 ? -... 

21. S. A. Moszkowski, Phys. Rev. 82, 35 (1951). 

8.5 

5.8 

(6. 5) 

(7. 2) 
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Freedman et a1.
4 

found an allowed spectral shape {or the ha:;d beta 

particle. This result was c ?niirmed in the beta spectroscopic studies 

of paper I. Parts of the spectrum are obscured by soft beta groups and 

by conversion lines, but the assumption of allowed shape gives a satis-

factory fit, whereas the assumption of the unique alpha shape (~I= 2, yes) 

does not. Thus, a AI = 2, yes, interpretation of the hard beta group 

seems ruled out. 

It is somewhat surprising that the 1260- and 2.75-kev beta groups, 

which proceed to levels of the same spin and parity. should exhibit ft values 

different by a factor of 500. Since the relative gamma tra.nsition rates 

suggested that K is .a fairly good quantum number, we might logically look 

first to the difference in K values of the final states at 44 and 1029 kev for 

an explanation of'the great difference in log ft values. 

The simplest interpretation in terms of K selection rules follows 

from an assignment of K, I, and 1T of (2, 2+) for Np
238

. The transitions 

to ground and 146-kev state are not observed as they are second forbidden 

(LH = 2, no). Though the good selection rules in I and Tf make the transi­

tion to the 44-kev state allowed (D.I = 0, no), the sel~ction rule
17 

in the 

approximate quantum number K makes the transition second forbidden 

(D.K = 2., no), and if K for the initial and final states were an absolutely 
. 

good quantum number the beta transition would not be seen (log ft ):12). 

There are evidently small admixtures of states with K values other than 

the principal ones in the initial state, final state or both, and for some 

combinations of these K impurities the change in K will be. 0, or 1, permitting 

the transition to proceed as an allowed transition. The allowed spectrum 

shape o£ the hard beta group is a natural consequence of this interpretation. 
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With the Np
238 

(2, 2+) assignment the beta groups to the 1030- and 

1073-kev levels, which a.re (2, 2+) and (2, 3+), respectively, should be 

allowed transitions by .6K as well as ordinary selection rules. Their 

log ft values are a little high (5. S and 6. 5, respectively), the log ft cor­

relatione of Nordheim
22 

showing all allowed transitions (21 cases) in the 

log ft range 4.1 to 5. 7. There are, of course, cases '.vhere other factors 

in the nuclear rea:rrangem ent accompanying bet<:~ decay act to make allowed 

transitions much slower tha:n ordinary. Such a case is our hard beta 

group, and de-Shalit and Goldhaber
23 

have cited and discussed a number 

of other cases. Thus, the interpret<:tion of our two main soft bet~. groups 

as somewhat slow allowed transitions seems not unreasonable. 

The assignment of (2, 2+) for Np
238 

cannot be claimed to be unique. 

One might make an assignment of (2, 2-) but would then.need to attribute 

the non-observance of transitions to the ground state and second e>:cited 

state to some unknown hindering factor. The log ft values of the 275- and 

231-kev beta groups seen: a little low (King and Peaslee 
24 

find average 

log ft values of 6. 5 for .6.1 = 0, yes, and 7. 5 for .CI = 1, yes transitions ) 

for the first forbidden nature they would have in this alternate interpreta­

tion. One cannot rule out possible assignments of (3, 3±_) to Np
238

, although 

with such there would be some difficulty in explaining \vhy beta transitions 

strongly favor the first excited state (2+) over the second excited state (4+). 

22. L. W. Nordheim, Revs. Modern Phys. ?_3, 322 (1951). 

23. A. deShalit and M. Goldhaber, Phys. Rev. ~ 1211 (1953) . 

24. R. W. King and D. C. Peaslee, Phys. Rev. 9_4, 1284 (1954). 
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A ' f • 1\T 
238 • 1 h h 11 d 1 1 h . · n ass1gnment o even par1ty to ··-~p v10 ates t e s e n1o c ru e t at 

the ground statei:'i of odd-odd nuclei in this region should have odd parity, 

the rule following from the fact that 1:.1ainly odd parity orbit;::ls a.rc available 

for protons in the 82-126 shell and even parity orbitals for neutrons in the 

shell above 126. We feel, howeve1·, that the shell model p.uity l'Ule is 

h<llrdly to be trusted in the region of the hcavieSlt elern.cnts v;.here numerous 

low energy El transitions to ground in odd .A nuclei indicate the ready 

availability of orbitals of bl:>th p&.riti~s for cdd nucleons. 

' 

CONCEHNING THE POSSIBLE VIBRATIONAL NATURE OF SOME 
238 

EXCITED LEVELS OF Pu 

Inasmuch as the intensity rules involving K seem u:::eful in the case o£ 
{ 

Np
238 

decay, the question is bound to be raised whether any of the high 

levels in Pu
238 

are "vibrationalleveb, ".as predicted by the more detailed 

unified model of Bohr and Mottelson. 
18 

The question is a difficult one to 

answer with.the data available at present, and what follows is written in a 
,·,··.·. •' 

speculative vein. 

The theory predicts for spheroidal nuclei two vibrational bands, each 

having one quantum of vibrational excitat~on. The so-called beta vibrational 

band ·will have rotational band merroers (0, 0+), (0, 2+), (0, 4+), . . . . The 

gamma vibrational band will have members (2, 2+), {2, 3+), (2, 4+), .... 

The vibrational quantum energy may be of the order of 1 Mev for the 

heaviest elem Gflts. Thus, the levels in Pu
238 

of 1029 and 1073 kev .with 

(2., 2+) and (2, 3+) assignments, respectively, might possibly be of the first 
they 

gamma vibrational band, although / can equally well be purely "particle 

excitation" level$. 
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The most definitive evidence for the vibrational character of the band 

would be lifetime measurements of the levels. If lifetimes were found to 

be substantially shorter tha11 predicted by the individual particle .lifetime 

formulas, this would constitute strong evidence for some vibrational character 

for the levels. Such measurements by ordinary electronic means seem im-

possible, as the expected lifetimes are so short. Following ...il"e the theoreti-

cal calculated mean lifetimes for E2 transitions from the (l, 3+) state at 

-12 1073 kev: single proton transition to (0, 2+) state at 44 kev, T -- 5 x 10 sec.; 
sp 

single photon (vibrational transition) to 44-kev state, 7' 'b- 3 x 10-14 sec.; 
Vl 

rotational transition to (2, 2+) state at 1029 kev (taking internal conversion 

into account), 7' t ti 1 -ro a ona 
S x 10-ll sec. (Lifetime formulas of Bohr and 

Mottelson18 were used. ) It seems surprising that despite the great energy 

difference the 44 ... kev rotational transition could compete to the extent of 

about 10 percent with the 1029-kev single particle transition. From our 

data the presence of such competition could not quite have been determined, 

and we are unable to obtain any lifetime evidence in this manner. 

Alaga ~. <!,!•17 
in their discussion of the beta decay scheme of Ta 

182 
cite 

as possible evidence for the gamma vibrational character of a band at 

' 1222 kev the fact that the rotational moment of inertia for the band is slightly 

smaller (MO percant) than that for the ground rota ional band, whereas a 

particle excitation level generally has a greater rotational moment of inertia. 

In the case of Pu238 the rotational moment of inertia of the upper band ia 

about the same as that of the ground band and constitutes no clear evidence 

for or against the vibrational assignment. 

The log ft values for beta decay to the 1029-kev band in Pu 
238 

give 

further evidence bearing on the question of ~yibratio~al character. If the 
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band were purely a gamma vibrational band with the individual nucleons 

remaining in paired configurations, a selection rule in the n quantum 

number* makes the principal soft b'eta transitions from (2, 2+) Np 238 

second forbidden (AD= 2, no). The observed ft values indicate the beta 

transitions are only about a factor of 10 slower than average for allowed 

transitions. Clearly the Pu
238 

band in question cannot be of very.pure 

vibrational character, if, indeed, it has vibrational character at all. One. 

might speculate that for .some levels the separation of the intrinsic 

structure of the deformed nucleus into vibrational and individual particle 

motion is just partially valid and could lead to states with partial vibra-

tio·nal character giving enhanced E2 transition rates but with D not a very 

good quantum number. 
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FIGURE CAPTIONS 

Fig. 1. Scintillation spectra (sodium iodide} of the composite l·Mev gamma 
is the · 

peak. Curve la /spectrum in coinciqence with · s::slOO-kev electro-- . 

magnetic radiation. Curve lb, dashed line, triangles, --- is the 

·spectrum in coincidence with L x-radiation. Curve lb, solid line, 
is the 

circles, __)total gamma spectrum. The Cllrves lb are normalized 

at chanael 19 (the position of the 986-kev gamma ray} to demo.n-

strate best the differences between the curves. The marks on 1be 

baseline of la indicate the expected peak positions of the various 

component gamma rays, based on energy calibration with Bi?O?. 

and Mn54 standards. 

Fig.. 2. Scintillation spectrum (anthracene) of electrons in coincidence with 

~100-kev electromagnetic radiation. 

Fig. 3. Possible decay scheme (first of two alternative scherne.s} for Np
2
•38 • 

Radiation intensities are given as percentage of total beta disinie-

grations, and intensities enclosed in parentheses are indirectly 

determined and subj~ct to considerable uncertainty. Below the 

beta group intensity figures are underlined numbers,. the log ft 

values. 

Fig. 4. Possible decay scheme (second of two alternative schemes} fo.r 

238 Np Radiation intensities are given a~ percentage of total 

beta disintegrations, and intensit~e.a enclosed in parentheses are 

indirectly determined and subject to considerable uncertainty. 

Below the beta group intensity figures are underlined numbers,· 

the log ft ialues. 
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