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and

Bjt!rn Retrbm
The Nobel Institute of Physics. Stockholm, Sweden S

February 17, 1955

ABSTRACT

The relative intensities of eléctromagnetic radjation from Np238-. de-

térrnined by scintillation spectroscopy, set an upper limit for K Eapt»ui"é of
K/beta <1 percent. B | |
On the baszs of extensive scintillation counter coinmdence measure-

- ments together with the beta spectroscopic results of the preceding article
twqal‘ternate deca‘y schemes, differing only in minor detail, are propdsed
for Np238'. The levels of PL{Z38 involved are three close-lyiﬁg grouhd
rotational band}me'mber'a' and a cluster of three levels near 1 Mev, two of
which-'apﬁ-ear to belong to the sémerrotatio’nal bahd. Conversion coefficient
determinations pe:rmit multipolarity assignment for a number of ihe .gamma

‘ transxtions and consequent epin and parity assignments for a number of |
‘,Jexcited states Selection rules and other intensity r_ules involving the
R | Bohr -Mottelson K-quantum numbera are tested providing K assignments
for levels. There is a high degree of K—purity of those states where tests
. wefe_‘possible. The question of posmble v."vibrat‘xonal" character of the

 band near 1 Mev is discussed speculatively,

Much of 7'thié'work was performed under the auspices of the U.S. Atomic

Energy Commission.
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H) Scintillation Spectroscopy and Comc:.dence Studies
John O. Rasmussen, Frank 5. Stephens, Jr., and Donald Strominger
Department of Chemistry and Radiation Laboratory
) U’niver‘sity of California, Berk-eley, California
' and '
. Bjrn %sé ‘
, o The Nobel Institute of Physics, Stockholm, Sweden
. February 17, 1955
A INTRODUCTION
Supplémentmg the beta spectroscopxc studies of Np 8, as reported in
' the precedmg paperl (referred to here as paper I), we have carried out
: scintxllatmn spectroscopic studies of the electromagnet:c radiation and
have also performed various coincxdence studxes with scintillation countﬁ'xg‘
equipment, The coincidence results are of key importance in the establish-
ment of a probable decay scheme.
SGINTILLATION SPECTROSCOPY AND THE OUESTION OF
v 'K-CAPTURE
The sz‘.38 sample was prepared by thermal ngut'ron bombardment of
.Np237 in the homogeneous reactor at the University of California Radiation
Labofatdry, Liv‘éx‘more, California. The integrated neutron flux during -
o ‘_" the i_r"radiation was sufficiently small that no significant amount of Np239
) was forméd. Chemical purification involving lanthanum fluoride precipi-
tation followed by two TTA (thenoyltrifluoroacetone) solvent extraction.
« _ '
Much of t his work was performed under the auspices of the U. 5. Atomic
™ Energy Commission.

¥

1. Rasmussen, Slitis, and Passell, Phys. Rev., preceding article.
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cent compared with 7. 3 percent for the 0. 84<Mev photopeak of Mn
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stépa similar to the procedures described by Magnussom T'hOméson, and

Se:a'l:n:rg'2 was made to purify the néptunium fraction from fission products

‘ahd other impurities. -

The 'SO-cha'nnel pv.xlse--height;3 ahalyzer was used to study the gamma

238 from a sodium iodide scintillation crystal. This

spectrum of Np
spectrum shows an unresolved photopeak near 1 Mev made up of 4 high-

energy gamma ra,y’_s;.1 a photopeak near 100 kev made up of 102-kev gamma

‘and K s§yrays, and a lovt}—énergy x;ray peak of about 20 kev. Scintillation

‘spectroscopy in Stockholm showed the same peaks and no others.

The apparent resolutib_n {ratio of'e'ne'rgy' width at half -height to photo-

peak energy expressed in perceht) of this I~Mev photopeak was 10, 6 per-
| | d 54
and

7

7.5 pencent for the 1. 06~Mev photopeak of Bizo . This result clearly

shows the composite nature of the 1-Mev peak in sz.'38.

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

_excellent agregment with the 2.10-day half-life previously reported by

Freq_dma,h et gx__l.é

The decay of the peak in the 100-kev region was complex. This com-

[

~ plexity can be explained by the presénce of a considerable quantity of

L3

2. Magnusson, Thompson, and Seaborg, Phys. Rev. 78, 363 (1950).

P _
. 3.0 Gh&iorso and Larsh, University of California Radiation Laboratory

" Report UCRL-2647, 1954 (anpublished).

4. Freedman, Jaffey, and Wagner, Phys. Rev. 79, 410 (1950).
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Np,237 and the growth of its alpha decay daughter, Pa233, 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

238 . 237

Np ™, Np° 7', and 'Pa233.

Corrections were then made for the sodium iodide crystal efficiencies

‘ foij"thé l-Mev and the 100-kev photopeaks. 3 As a result, it was determined

that the gamma and K xz~radiation of the 100-kev region had a total intensity
of 3.8 pex_‘cvent of the total number of unconverted gamma transitions in the
1-Mev regioﬁ. Only 55 percent of the beta transitions populate the energy

levels near 1 Mev in Pu-238.1 Therefdre, the observed intensity of the

. approximately 100-kev photons in the decay of Np238 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 gammé rays {(using a conversion coefiicient6 of 5).

There is an excess of 1.1 percent photons not accounted for, and this figure
c_bnstitut-es an apper limit for possible K capture. It seems highly unlikely
that the excess is in fact .at‘t'r:ibu,table to K capture since the latest estimate

of Glass et 3:27 of the available energy for electron capture (based on

5. M. L K'alkste‘in and J. M. ‘Hollander, University of California Radia-

tion Laboratory Report UGRL-2764 (1954).

6, Asaro, Perlman, ané Th_ompsoh_,—l Phys. Rev. ?__2. 694 (1953).

| 7;. Glass, Thompéon, az'md‘Séaboxrg, Journé.l of Inérganic and Nuclear

Chemistry 1, 1 (1955).
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cloded decay cycle energy balances) is 0.10 Mev, insufficient for K

capture to occur at all.  We attribute the_"exg:ess 100 -kev photons to

-ﬂu’or}:scance radiation from the Np237 mass in the sample.

) Jéffes has made a study of the L x‘-rayé arising from the Np238 decay,

uﬁing & Caucboisityp.e bent-crystal spectrometer of high resolution. His

_failﬁrerto find" L x-rays of uranium allows him to set an upper limit of

4 percent for Ly capture and 2 percent for Ly capture relative to the.

%

_ beta transitions.

COINCIDENCE MEASUREMENTS

r .

" It is well to bear in mind what is known concerning the lowest-lying
v v . _ 242

' .1ew}els, &8 determined by studié36 of the alpha emitter Cm . There

are excited states at 44 and 146 kev with spin and par:ty assxgnments of
2+ and 4+, respectively. There are cagcade EZ gamma transitions inter-
c’o:mecting these statea. From the theoretical conversion coefficients of
Ggllman et a_.}.,g. the experimental conversion coefficients of Asax"'p et a_}.,
énd the relative L'MNO conversion results discussed in paper 1 we esti-
mate that the 44-kev transiuon is almost totally (99.9 percent) internally
conve-rted (77 pet_cent by LH and LIII conversxcn), and the 102-kev tranm-

tion is épéfoxﬁmately 83 percent converted (67 percent of the conversion

‘ eléc;rbris being from Ly and Lyp orbitals). Thus, for the energetic gamma

rays, those going to the grbund 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. | .Taffe, Ph. D. Thesis. University of California Radiation Laboratory,
Report UCRL-2537,1954 {(unpublished). :

9. Gellman, Griffith, and Stanley, Phys. Rev. 85, 944 (1952)
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about38 percent will be in coincidence with L x-ré.ys (assuming a fluorescence

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

17 'percenvt will be in coincidence with 162-kev gamma radiation, about
45 percent with one Iv....x-ray, and about 1l percent with two L x-rays.

Most of the coincidence measurements were carried out witiz apparatus
employing a2 sodium iodide (thallium activated) ;:rystal and Dumont 6292
photomultiplier tube in each coincidence channel. A pulée in one channel
of a height selectable by a single-chamiel differential discriminator gen-

erates a gate pulse which gates a 50-channel pulse-height analy.zer3 to

- analyze a simultaneous pulsge in the other coincidence channel. The

effective coincidence resolving time, 210, was about 7 microseconds
for these experiments. 'The sample was placed directly between the two

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

vsu‘btel_:ded about 30 percent of 4w solid angle. The detectors were shiclded

. by lead,

The energetic gamma spectrum in coincidence with electromagnetic

radiation approximately 100 kev in energy (including K x<rays and 102-kev

nuclear gamma rays) was examined. In order to prevent beta particles

from registering as gate counts the 100«kev radiation was observed through

691 mg/cm2 of aluminum. In addition 4 gm/cmz of lead was used on the

signal side of the coincidence unit, since this amount of absorber is not

- sufficient to cause serious attenuation of the hard gamma rays.

The curve of Fig. la shows the coincident gamma eneijgy 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 peaks between the two curves is to be noted, the peak in
!

E
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coincidence with about 100-kev radiation lying at the low-~energy side of the
composite "singles" peak. We kncéw from the beta spectroscopic results

in paper I that the garmhma "singles" peék consists of at least four different

) gamiﬁa' rays of energies 1029, 986, 942, and 927 kev. From these coin=«

cidence results we conclude that YééZ’ Ygz7° ©F both, proceed to the
1.4‘6-kev level. This result was reported'earlier. 10 From the beta apec-
trosc’:‘op.ic ﬁ'e#-t;lts w‘-e: know that only the four high-renerg':}r gém'ma rays have
enough energy for _K_;'onversion. ' Thus, there caﬁ be no interference in
the ab_ovg coincidence measurefnent from K x-ray-gamma coincid:ence‘s.

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

| radiation was independently determined using another coincidence«pulse |
a.nalysis apparatus with a re’aolvmg time Z—ro of about 6 x 10°8 second.

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

detection crystals were further from the sample and making 2 90°.ang1e‘

. 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 another. The counters were unshielded except
for the one lead brick between them. Sufficient Beryllium absorbers to
stop co:nple’tely all beta rays were used before each aetecfor. Thus, we

feel that these results, though concern‘ing a rare coincidence process, are
[}

real and not;spurious.

10. | Rasmussen.."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 x.'x_*zg/cm2 of berylliumm was used on the gate side of the coincidence unit.

The hard. gamma rays were observed through 2.9 gm/cm'2 of lead.
The dashed curve of Fig. 1b is the resulting coincidence #pectrum and
is plotted together with the ordinary "singles" gam‘ma spectrum to show

’

most clearly their differences. The curves are arbitrarily normahzed to
o o “high energy side

be equal at channel 19. One notes that the = .- . /. .. of the broad

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

proof that the maximum energy gamma ray, yng. proceeds to ground

{We shall later propose in the decay scheme section that Y1029 is actually

two gamma. iays.within Z kev of the same energy, the more intense of

‘which goes to groui’ad and the other to the 44-kev state. The curves of

Fig. 1b 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 ¢on-

' clusion that Y927+ Vo422 ©OF both proceed to the 146-kev state.

A

A determination was also made of the 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 pulges from the photopeak of the energetic gamma

rays, and the total number of gates generated by the‘single’chaz‘m'el 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 Cm242 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 spectroscopy6 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 rags 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 to.tal beta disintegration) of
the gamma rays going to the 44~kev state and 18 percent going to ground.
If we assume the 146-kev state is populated entirely by gamma and not
by beta fransitions. 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 pefcent to
ground.
A coincidence measurement similar to the preceding one was madel
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 (Emax = 1. 25 Mev) which went to the various
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 mceasured and again compared with the alpha-L x-ray
results from a sz‘i2 standard in the same position. The resuit of such

a measurement was reportedm previously as indicating (assuming no hard
beta decay to the 146-kev state) that 72 percent of the hard beta transi-

_ tions g to the 44-kev state, and 28 percent to gro{;nd. 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 apéaratus.
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 effect that the L.~gamma results of the preceding paragraph
were checked Awith sources of strengths differing by a factor of four and
found essentially constant. )

Engelkemeier was reported by Freedman, Jafféy, and V‘Ja.g:r).er4 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 hard beta group populates the 146-kev state,

Qur 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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totalvpcpulatibn was not determined. It is clear. that there will be co'ir.xk:i-;
dences between K x-rays and energetxc K conversxon lines (O 5 percent of
total dismtegratmns) but by examinmg the energy spectrum of electrons
in coincidence with 100-kev radxation it was thought that it might be possi-
blé to find a hard beta conti-r;’uum und.'erv the conversion lines. It ig clear
th;at the coincidence rate with a hard bet-'a coutinuum will be about e.qué,l to
the .coi.wer sion line coincidence rate if all the 3 percent populétion of the
146 -kev level were due to a hard beta éroup.

| Figure 2 shows the results of such a‘ measurement of the electron
apecti‘um in coincidence with 100-kev radiation. The data are probably
consistent with there being no hard beta continuum a,.tl ail, but vdrawing in
a curve for the maximum amount of hard beta continuum that could be pre-
- sent, 6ne can set an upper limit that coincide‘ncveé& with a continuum must ..
be less ‘than 80 éercent of coinciderices with conversion electrons. The
Ii-mi-t oﬁly tells us that the 146-kev léGel canﬁot be combletely' populéted by‘
the hard beta: group We shall arb1trar11y assume for the later decay
scheme proposals that the 146 -kev level is populated entu'ely by energetic

gamma rays and not by beta partacles.

'DECAY SCHEME PROPOSALS

In attemptmg to construct a decay scheme we start first with the
ground rotattonal band known6 from alpha decay fine structure studies in
Cmaéz. - That is, there are levels in Pu?‘gs at 0, 44.0, and 146. 2 kev with
spin and parity d+, ,Z}+,’ 4+. réspectively. Connecting these 1eve}s are
ca’a“aéifxg EZ transitions, highly interﬁally converted.

¥



-12- ~ A_ ' UCRL-2864

There are 'f@ur .hi:gh energy gamma transitions of 927, 942, 98¢, and. |
1.029.k.'e'\} to account 'for.v- The L-gamma coincidence result that Y1029 80€°
tongzrc':.u‘nd _meavns‘vthe're mdst be a level at 102‘9 kev. The 98¢t-kev gamma
trah‘sit-ion is then accounted for as the transition between the 1029 -kev |
lev'ei‘l and the 44<kev level. Tﬁe' ba;rd gatha-ldz-kev gamma coincidence

._.r'es'ullt was that Yg27' Yg42' OF béth ére in coil;acidence with 102-kev radia-
- tion, and .the ha’z;d gamma-L x-ray coincidence studies (hard gamma peak
shape cozhéarisons) ten@ to sﬁpport the conclusion that neither 'y927 nor
Y42 gd‘ to ground. Thus, regarding additional levels, we are left with
three choices: 1) levels at 1073 and 1087 kev, 2) levels at 1073 and 986 kev,
or 3) 1§ve‘ls at 1087va‘nd 971 kev. It is to be noted with the first two choices
that there are two separété p-l.acgs in the decay scheme where a gamma
transi;ion of 1029 kev cduld occur, namely, from the 1029;kev level to
ground ‘aﬁd from the 1073 -kev 1ével to the firﬂ excited state. In ordér to
‘reconcile the .nume‘arical L-gamma coincidence result that the hard gamma
izitensity t§ the grdund state is 20 percent of total beta disintegz;ations, we
' ‘can postulate that the 102‘9-kev> gamma is indeed complex with encrgy
"dif’fex;éhce of the two componeni:s t;’:d‘ small for resolution even on the
'&‘cubleffécusing beta specf-rometers. Therefore, we prefer alternatives

(1) and. (2) for our further decay scheme discussions.
The attempt to assign intensities to all the transitions in the decay
scheme is handicapped by incomplete information regardihg intensities of

. the weaker hard gamma an_B soft beta transitions. Nevertheless, by using
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the va.\bs.olute Legamma coiﬁcidence result ofIZ‘O percent hard gamma to
ground. the uranium photoconversion electron result of paper 1 that
[’1029 -&}86 = 1:0. 83, and other intensities from the beta spectroscoPic work
(102-kev transition = 3 percent; hard beta:total soft beta = 45:55) and o
assuming intensities for YQZ? and y942 in the ratio of their K conversion |
lines, 1:2, we can calculate mtensxty fxgures for all transitions with decay
scheme (1), It is obvzoue that the intensities of the weaker transitions as
vdetermmed in this manner may be very uncertain where they are based oﬁ
differences of relatively large numbers, Figure 3 shows the resulting
decay schefne, Qhe_re the uncertain inténsitxes are given in parentheses.
Below the intensities of the various beta groups are given their log ft
values. underlmed

Using the same intensity data but with the level scheme discussed as
altgrnative (2) above,' one obtains the decay scheme of Fig. 4. With the
scheme of Fig. 4 it is possible tha‘t‘yqss might also be complex, .as thgre
are two places in the scheme where it might occur. The purely arbitrary
Aa;ssumption of zero intensity for the transition from tl}e 986-kev level to
gr‘o‘m;d was m xde fér Fig. 4. |

While either decay scheme accounts for most of the data, it is
appropriate to summarize thé remaining inconsistencies.

Firsf. according to the decay schemes the 44-kev transitions should
‘ éccur in 80 pércent of the total beta diéintegrations.’ the percentage having
been fixe‘d by the absolute L #-ray-hard gamma coincidence rate measure-
ment. In considefablé'disag»reefn ent is the figure of 6‘5. percent from'the

- beta spectroscopic measurements of Sldtis, Rasmussen, and Atter’ling.n

11. Sldtis, Rasrhussenr, and Atterling, Phys. Rev. 93, 646 (1954).
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_'Even the figum of 75 percent from Freedman, "Jaffey, and W’agnér'4 is on
t_h‘e: low side. Posgible sources of error in the electron spectroscopic in-
tensities could z;ésult as a consequence of the low energ’y of couvéision
lines, with unceftainty .ﬁ'x counter window transmission corrections and
resolution of peaks broadened by famte sample thickness. The ratios of
intensitms of conversion lines (Ln. ‘III' M, N) determined by SlHtis et al. 1
.agree better than those of Freedman et al. 4 with independent déerminations

12 All these measurements are compared in Table I of the

~of Passell.
‘preceding paper I. The true intensity of gamma rays to ground is probamy
intermediate between the coincidence and the spectroscopic ‘determinations,
but in viéw of the ‘disag‘reemem between the different spectroscopic deter-
. minations we have chosen to use the cozncidence mea surement as the basis
for the decay scheme mtens:ties
| Second, it is to be noted that the absolute relative amounts of hard

gamma and approximately 100-kev radiation as determined by scintillation
pulse analyais do indicate an excess of approxim ately 100-kev radiation
beyond that given by the proposed decay schemes. It is not reasonable on
energetic gr‘oﬁnds. as discussed earlier, to attribute this excess radiation
to K capture. A rélatéd discrepancy involves an apparent’ excess over
expectétion of soft beta coincidences with approximately 100-kev radiation,
as measured rbughly by integration of the curve of Fig. 2. The measuie-
| ment is not vefy quantitative, since scattering and absorption effects on

the elec¢trons in this coincidence experiment introduce uncertainties that

would be hard to estim ate.

12. T. O. Passell, Ph.D. Thesis, University of California Radiation
Laboratory Report UCRL.-2528, 1954 (unpublished).
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Finally, regarding further work which might bé profitable, we v}ould

suggesi that beta 'specfroscopic_ work at even higher resolution might be
_frhitf:ul, especially ixi the regieh of the high energy conversion lines.
’i(f?qincidence experiments with two beta spectrometers woﬁld be desirable..
E:;periménts to determine the relative intensities of the weaker hard gamma
rays are.important. Such might lie within the range of Cauchois-type Sent
crystal‘-‘spectrometers; or one might study by beta spectroscopy the K
phofoelectrons from radia;o:s of considerably lower atomic number than

" .uranium. A uranium radiator was used in the experiments reported in
paper I, and the K photopeaks of the weaker gamﬁa rays lie obscured by

" Compton electrons of the intense gamma rays.

HARD GAMMA CONVERSION COEFFICIENTS

3 .U;ing the gaiﬁma intensities from the decay schemes and the K electron
“line 'i_x%xtehsi,ties from paper 1, the K conversion coéffici_énta of the hard
fga\mma' -i'a_ys have b{een calculat.ed. Iable 1 summarizes the data and reéults.
. - Itig felt that a mult‘ipolarity assignment on the basis of K conversion
coefficients for the two most intense hard gamma rays is justifieé. D‘espite

" the probable unr.e_éollvled‘}doublet nature of \,'1029 and the consequent average

;ﬁ'rﬁe_’aning of its ‘co-h'version. coefﬁcient. the major branch of the doublet is

.?aigrébébly of E2 character.. hécessarily pﬁre E2 since the final state has spin

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

'.gr"reund stéte is 'prévs'umé.bly 0+. The fact that the expex:imental conversion

coeffi%:ient is Sm‘allér .tt‘xan the theoretical unscreened value niay in part

_,bé due to experimental uncertainty and in part due to neglect c;f screening

{

_ in the theoretical calculations, With regard to the latter point, some of the



Table 1

Hard Gamma Conversion Coefficients

Gamina Gamima ihtensity(%)._ "Kline = Experimental Kcon~ Theoretical K con- Experimental Multipolarity
. energy - ' intensity version coefficient version coefficients K:L ratio assignmert
Schemel Scheme2 (%){from Schemel Scheme2 _ - (from Berkeley
. ‘ Berkeley (interpolated from = double-
double~ co Rose et al.l3) focusing
focusing - T T spectrometer)
spectromgte,r) -  El Ez Ml M2
£1029 28 24 - 0.20 0.0071 . 0.0083 0.00330.0102 0.0750.105  ~5 E2
98 24 21 0. 20 0.0083 0.0095 0.0035 0.0108 0.083 0.117  :~3.3 E2
942 (2) (1)  0.07 (0.035)  {0.010) 0.0038 0.0119 0.094 0.132 -- --
927 .. (1) (3) ©0.04 (0.04) . (0.013) 0,0039 0.0122 0.098 0.136 . - -
13. Rose, Goerizel, Spinrad, Harr, and Strong, Phys. Rev, §3, 79 (1951).
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recént screened K conversion coefﬁcienf‘s calculated by Rose and o'therg,1
seem roughlf 10 percent lower than the 'unscreened for.‘EZ transition‘s‘. of
cornpara‘nle energy in large Z elements |

Within expertmental uncertainty the conversion coefficient of Yog6
indicates EZ although an admixture of a few percent M1 character cauld
not b_c—: excluded by our data. :

.The uncertainties associated with ihe gamma radiation intensifies of
theﬁeaker hard gamma rays make definit‘e‘ multipolarif;,r assignments out
of the éuesti;)n, but ti}eir orders of magnitude indicate EZ2 or mixed EZ;MI
character as mostv likely.” (It is apparent that \Qith all the gamma rays the
conversion coefficients might be explained by E1-M2 mixtures, but this

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

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

‘dence against the E1-M2 interpretation, )

It is of some interest to compare the K/L conversion ratios with the

~ earlier correlation of Goldhaber and Sunyar.15 For gamma rays about

1 Mev and Z = 94 their plots against »'ZZ/E' would give a K/L ratio of about

6 for E2 and about 8 for Ml or M2. The lower experimental 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 Sunyarls called attention to some such deviations, and the work .of

14. M. E. Rose, pmvanely circulated tables (1954).

15. M Goldhaber and A. W. Sunyar, Phys. Rev. 83, 906 (1951)

v

e
&N
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Alburgef and Prycel6 on Bi206 decay provides a good example of this sort
of deviation. Their E2 gammma transitions of 830.5 and £03. 3 kev have
K/(LI + Ln) ratios of about 4. 7. Our K/L raltios from Table 1 are con=
sfstent with the E2 assignment in view of the considerable uncerta_infy in
“our L line intensities. From the L subshell conversion calculations of
Gellman-et al. 9 inclusion of the Lo conversion in K/L ratios would have
virtually no vefiect for Ml erapsitions and less than 30 percent effect for
E2. Thus, we are justified in comparing our K/L ratios with K/(L; + L)

ratios.

CONSIDERATIONS INVOLVING THE K CUANTUM NUMBERS

Two ;ihteresting observations may be maée with regard to the gamma
tr%nsitions occuring from the 1030-kev level. First, the rather Qui‘e E2
character of Yg986° though Ml is allowed, seems unusual according to
lifetime estimates from the singleﬁ particle"lifetime formulas. Second, the
absence (see paper I) of an E2 transition of 884-kev enzrgy proceeding to
the 4+ state at 146, 2 kev secems unusual. It is concerning just such ob-
ser:ations as these (relati{re transition rates to various member§ of a
‘ nuclear rotational band) that the deformed nuclear model makes precise
predictions, and one might expect the model to be useful around rﬁass
number 238 where nuclear rotational band 'systenﬁs are much in evidence,

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

’a'imple 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 -
intefhal motion of a de‘formed intrinsic structure. This separation is des-
cribed in the forthcoming paper of Alaga, Alder, Bohr, and Mottelson17
and constitutes a more general case of the strongly deformed nuclear model
of Bohr and Mottelson. 18 The rotational separation intro.d‘u.:c.es one quantum
‘number in addition to I, the total angular momentum, and w, the parity. The
new quanturmn number is K, the projection of the total angular mox’nentum along
the nuélear 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 memberst
of the ground rotational band as "indicated in Figs. 3 and 4.

The relative rates of the electric quadrupole trénsitions from the
1030-kev level to the states of th‘e 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 fhese ratios should be simply giveh by vector proj.ection
factors, the squares of Clebsch-Geréan coefficients ‘involving the K and |
quahtum numbers and the multipolarity L of the transition. This relation

as given by eqvuation (12) of Alaga et al. 17 is shown below:

- 2
B(L, L, = 1) _ LK KK, | ximfxf)

2
-t ' - YK
B(L, Ii If ) <IiLKiK£ Ki | IiLIf Kf>

 17. Alaga, Alder, Bohr, and Mottelson, CERN/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. 27, (16) (1953).

’



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

19 Clebsch-Gordan coefficients have been tabulated numeric.ally

Shortley.
by Simon. 20 Table 2 presents the experimental and theoretical

(K, = 0,1 or 2) relative reduced transition probabilities for the gamma rays

i
from 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 Y986 finds a natural expla=
nation. The Clebsch-Gordan coefficient vanishes when AK exceeds the

multipolarity Ls hence, dipole radiation is K~-forbidden (see Alaga et al,

equation (6a)).

Table 2

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

Final state Experimental B(2 - Ij) Theoretical B(2 - If)
L | B(Z - 0) ~ B(2 = 0)
Scheme 1 Scheme 2 K, =0 Ki =1 'Ki =2
2+ 1.8 1.3 - 1.43 0.37511.43
(44 kev)
4+ <0.3 <0.3 122,87 11.14 Jo.om4’
(146 kev)

19. Condén 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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The spacing of 44-kev between the 1029- and 1073 -kev levels and the
gamina radiation from the 1073 -kev level suggest to us that the 1073 -kev
level be assigned (2, 3+) 28 the first excited member of 2 rotational band
based on the 1029 level. The rotational moment of inzrtia for this upper
band is the sarme as that of the ground state band within the accuracy of
our measurements. The theory predicts (for pure E2 radiation) v
B{ Ii = 3 - If = 4)/13(1i =3 -+ If = 2) = 0.40. The experimental rela'tive
intensities of the gamma rays from the 1073 -kev state are too uncertain to

make a significant ‘test of the reduced transition probability rules discussed

above,

INTERPRETATION OF BETA TRANSITIONS

The log ft values of the various beta groups, as calculated using the
nomograms of Moszkow.skizl are given on the decay schemes Figs. 3 and 4

as underlined numbers. They are summarized in Table 3.

Table 3
Beta Group Energies and Log ft Values

Beta Energy K, spin and parity - Logjpft

- (kev) of final state Scheme 1 Scheme 2
1260 - G, 2+ ' 8.5 8.5
275 2,2+ 5.8 5.8
231 T (2, 34) (6.4) ' (6.5)

217 ? (7.1) -
_or

318 ? ‘ -- (7. 2)

2l. 8. A. Moszkowski, Phys. Rev. 82, 35 (1951).
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Freedman et a_L_l.é found an allowed spectral shape for the hard beta
particlle. This result was canﬂrme’d in the beta spectroscopic studies
of paper 1. Parts of the spectrum are obscured by soft beta groups and
by conversion lines, but the assumption of allowed shape gives a satié-- .
factory fit, whereas the assumption of the unique alpha shape (41 = 2, yes)
does not.  Thus, a Al = 2, yes, interpretation of the hard beta group
seems ruled out,

It is somewhat surprising that the 1260- and 275«kev beta groups,
which proceed to levels of the same spin and parity, should exhibit ft valges ’.
different by a fa‘ctor of 500. Since the relative gamma transition rates .
suggested that K is a fairly good quantumn number, we might logically look
first to the difference in K valges‘ 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 T of (2, 24) for NpZ?’S. The transitions
to ground and 146-kév stat.e are not observed as théy are second forbidden
(AI= 2,n0). Though the good selection rules in I and T[ make the transi-
tion to the 44<kev state allowed {Al = 0, no), the sele‘sction rule"7 in the
approximate quantum number K makes the transition second forbidden
(AK = 2, no), and if K for the initial and final states were an absolutely
good qua;ztum number the beta transition would not be see;l (log ft 312).
Thereaare evidently small admixtures of states with K values other than
tﬁe principal ones in the initizl 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 of the hard beta group is a natural consequence of this interpretation,
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With the Np238 (2, 24) assignment the beta groups to fhe 1030~ and
1_0.73-k'e'v levels, which are (2, 2+) and (2, 34), respectively, should be
allowed transitions by AK as well as ordinary selection rules. Their
log ft values are a little high (5.8 and 6.5, respectively), the log ft cor-
relations of Nordheim22 showing all allowed transitions (21 cas‘es) in the
log ft range 4.1to 5.7. There are, of course, cases where other factors
in the nuclear rearrangement accompanying beta decay act to make allowed
transitions much slower than ordinary. Such a case is our hard beta
group, and de-Shalit and Goldhaber23 have cited and discussed & number
of other cases. Thus, the interpretation of our two main soft béta groups
as somewhat slow allowed transitions scems not unreasonable.

The .assignment'of (2, 2+4) for Np238 cannot be claimed to be dnique.
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 excited
state to some unknown hindering factor. The log ft value;s of the 275~ and
231-kev beta groups seem a little low (King and Peasle324 find average
log ft values of 6.5 for AI = 0,yes, and 7.5 for Al = 1, yes transitiong )
for the first forbidden nature they would have in this alternate interpreta-
tion. One cannot rule out possible assignments of (3, 31+) to Np238, although
Qith such there would be some difficulty in explaining why beta transitions

strongly favor the first excited state (24) over the second excited state (4+).

22, L. W. Nordheim, Revs. Modern Phys. 2_3, 122 (1951).
23. A, deShalit and M. Goldhaber, Phys. Rev. 92 1211 (1953).

24. R. W. King and D. C. Peaslee, Phys. Rev. 94, 1284 (1954).



-24-~ GOR L2564

~An assignment of even parity to Np238 violates the shell model rule that

the groufxd states of odd-odd nuclei in this region should have odd parity,

the rule following from the fact that mainly odd parity'orbitals are available
for protons in the 82-125 shell and even parity orbitals for neutrons in the
shell above 126, We feel, however, that the shell model parity rule is
hardly to be trusted in the region of the heaviest elements mi:ere numerous

lew energy £l transitions to ground in odd A nuclei indicate the ready

avallakility of orbitals of both paritics for cdd nucleons,

CONCERNING THE POSSIBLE VIBRATIONAL NATURE OF SOME
EXCITED LEVELS OF pu®3®
' Ix{xasmuch as the intensity rules involving K seem uzeful in the case of

Np238 decay, the question is bound tc be raised whether any of the high

‘levels in Pu238 ére “'vibrational levels, " .as predicted by the more detailed
unified model of Bohr and Mottelson. 18 The guestion is a difficult one to
~answer with the datavavailable at present, and what follows is written in a
speculative vein. = |
| The theory predicts for spheroidal nuclei two vibrational bands, each

having one C}uanfum'of vibrational excitation. The so-called.beta vibrational
“ bénd will h.ave rotational band members (G, C+), (0, 2+4), (0,44), .... The
gamma vibrational 'band will have members (2, 24), {2, 3+), (2, 44),

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

238

heaviest elements. Thaus, the levels in Pu of 1029 and 1073 kev .with

{2, 2+4) and (2, 3+) assignments, respectively, might possibly be of the first
, they
gamma vibrational band, although / can equally well be purely 'particle

axcitation" levels.
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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 than prediéted 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 .re the theoreti-
cal calculated mean lifetimes for E2 transitions from the (2, 3+) state at
1073 kev: single proton transition to (0, 2+4) state at 44 kev, st" 5 x 10"]’2 sec. ;
single photon (vibrational transition) to 44-kev state, Tvib 3x 10'14 sec.;
rotationgl transition to (2, 2+) state at 1029 kev (taking internal conversion
into account), T otational 5x 10"11 sec. (Lifetime formulas of Bohr and
I‘JIottzelsmn18 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

'dafa the .pxj‘_eﬁajence of such competition could not guite have been determined,
and we are unable to 9btain any lifetime evidence in this manner.

Alaga et a;};” in fheir discussion of the beta decay scheme of 'I‘a182 cite
as possible evidence for the gamma vibrational character of a band at

1222 kev the fact that the grotati_onal moment of inertia for the band is slightly
smaller (M0 pe?cent) than that for the ground rota ional band, whereas a
particle excifation level generally has a greater rotational moment of inertia.

238

In the case of Pu the rotational moment of inertia of the upper band is

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 Pu238 give

further evidence bearing on the question of ‘yibratiogal character. I« the

>
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band were purely a gamma vib’rationalvbland with the individual nucleons |

remaining in paired configurations, a selection rule in the 2 quantum
238

number¥ makes the principal soft beta transitions from (2, 2+4) Np
second forbidden (AC = 2,n0). The observed ft values indicate the beta
transitions are onlykabout a factor of 10 slower than average for allowed
transitions. Clearly the Pu238 band in question cannot be.of very pure
vibrational character, if, indeed, it has vibrational character at all. QOne
might speculate that for some levels the separation of the intrinsic.l
structure of the deformed nucleus into vibrational and individual particle
motion is just partially valid and could lead to states with.partial vibra-

tional character giving enhanced E2 transition rates but with © not a very

good quantum number.
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FIGURE CAPTIONS
Fig. 1.. Scintillation spect.rz:} (sodium iodide) of the cc_r;iposite 1-Mev gamma
: peak. Curve la ____i/ss;?:ce:trum in coincidence with - mldO-kev electro-
magnetic radiation. Curve 1b, dashed line, triangles,m is tﬁe
gpectrum in coincidence with L x-radiation. Curve 1b, solid line.

is the 4
circles, /total gamma spectrum. The curves lb are normalized

at changel 19 (the position of the 986«kev gamma ray) to demon-
strate best the differences between the curves. The m'arks on the
baseline of la indicate the expected peak positions of the various
component gamma rays;, based on energy calibration with Bi.‘207‘
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 schemes) fbr Np238
Radiation intensities ai‘e given as percéntage of total beta'disinf:g‘-
érations, -and intensitie_sz enclosed in parentheses are indirectly
determined and subject to considerable uncertainty. Below the
beta group inteﬁsity figures are underlined numbers, the log ft -
values.

#

Fig. 4. Possible‘ decay scheme (sécond of two alternative achem‘e.s‘) fory
Np238. Radiation intensities are given as percentage of total
_ ‘_beta disinteg‘ratidns, and intensities enclosed in parentheses arei
indirectly determined and subject to coﬁsiderable vuncert‘té.inty.

. Below the beta group intensity figures are underlined numbers, -

the log ft ¥alues.
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