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Abstract

:The gammé-?ay spéctrum 6f‘2.3-day Np259 has been studied with high-

‘resolution lithium-drifted germanium spectrometers, and twelve new gamma rays

of low intensity have been identified. Ten of these are characterized as the

de—excitatioh.épectrum of a2 K = 1/2 band based at 469.8 keV in Pu239. The

decoupling parametef'(g) of this band is found to be 0.48.. A compafisoh is

“made of the experimental and theoretical'photon relative transition intensities

and reasonéble agreemenﬁ is obtained for the case: Ki = 1/2’-bE1 = 0. The

propérties of this band aré'consistent with those expected for Nilsson state

'1/2- [501]. Estimates of the log ft values Ofsz239 beta decay to levels of

and are»diécussedfin terms of the states involved.

N
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beta decay of
y of gip

- and the rotational’excitations of these states.

1/2+ [631), ground; 5/2+ [622], 285 5 KeV; 7/2- [7u5] 391 6 keV,_f[lii..

~h90 keV were found in the scintillation spectrum of Np 239 by Lefevre, Kinder-g‘”
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'formia for 36 hours at an average £lux of 5. h x 107
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l:"Introduction,_[' o

hPu 39 have been studied exten51vely from the

" The energy levels of 9
2&3 h)

239 1’2) and. 5Am 239 5) and from the alpha decay of 960

These levels have been characterized,in terms of four intrinsic Nilsson states

energies are:

‘and 7/2+ [62&] or 5/2+ [635], 511 9 keV Two very weak gamma-rays of ~hlo and.

" man,; and Van Tuyls), and these have not been placedvincthe Pu 239 level scheme.k ol

In an attempt to gain further information about these and other possible weak:"

radiations in Pu259, we have exanined the photon spectrum of Np259‘withlhigh-

resolution lithium-drifted germanium detectors. The results of this examina-
tion are reported here.

Considerable structure is found in the energy region of hOO 500 keV,

and twelve new gamma-rays are definitely assigned to the decay of Np239

From energy sum and dlfference relationships among these gamma-rays a new set

of levels in Pu 259 is defined that appears to have the proPerties of a K 1/2

band. Assignment of this band is made to the Nilsson state l/2- [501]

the new transitions are assigned to the de excitation of the previously known e

511.9 keV level.

2.j Preparation of Source :

The source of Np

| 2 .
several grams of highly enriched U- 58 in the LPTR reaTtor at Livermore, Cali-‘ B

-2
neutrons cm sec

239"

" The following chemical procednre was utilized for purification of the Np

These Nilsson states and their"(“

Two of"yvli"

39 used in this study was prepared by irradiation of ‘; f;‘ivi



-gonium were added. After reduction of neptdnium to the=tetrapositive‘state?by-

' addltiOn of hydra21ne and ferrous ion, phosphoric ac1d was added to prec1pi-.‘

‘evaporated for gamma counting

from all other activities, including fission_nrodncts: The.uraniumvtarget.was“

_dissolved in concentrated hydrochloric acid with addition of a minimum amount

of nitric acid, and carrier solutions of barium, strontium, cadmium, and zir- ~  , -

tate ZrB(POh)W which-carrled the neptunium,act1v1ty. The prec1p1tate was dis-

solved in 1 M HNO3

co-precipitating the activity on. lanthanum fluoride-and”lanthanum_hydrokide;.'

- 4M HF and further purification of neptunium was made byv:’

with thorough - washing of each precipitate. The final lanthanum hydroxide

precipitate was dissolved in concentrated hydrochloric acid,; and from this ...

:.solution thedneptunium activity was adsorbed. on to a 3 mm X 5 ecm Dowei-AQ‘
" anion exchange column. The column was washed" with solutions of 6 M and h M

- hydrochloric acid to remove remaining impurities (e.g. B Zr, Nb) and’ the nep- ‘}-*;

tunium was finally eluted with O l M hydrochloric acid This solution‘was

H

3. :EX?eriméntal Apparstuél,lﬁf7j T e

The. gamma spectrum was studied with two lithium-drifted germanium.ig?
detector assemblies ), coupled to low-noise preamplifier-amplifiers designed
by Goulding and LandisT’ ) and fabricated at this Laboratoryg) Pulse-height
analyses were made with 400-channel R.I D.L. analyzers. Dimensions of the de- Qf7g:; N
tectors are 2 Cm? % 7 mm deep and 6 cm? X 9 mm deep, respectively. The 1arger,l__]"t

- o ‘_,“ _ v'
more efficient, detector was used for the first scans of the spectrum and for _ ' '

| measuring the half-lives of the gamma lines. -The smaller detector with better - ;fff’

‘resolution (half-width 2 3 keV at 120 keV) was used for the energy and intensity

s

determinations.



R SE -

4. Experimental Resultsi

Fig. 1 shows the relevant portion of the gamma-ray -spectrum. A‘5{O nm-;" ‘

Pb absorber was used in order to obtain a sufficiently'highﬂcounting rate in
the energy region of interest wilthout an excessiyevcounting rate of smaller -

pulses due to low_energy gamma rays and-x-raysf Energies and relative inten-

‘slties of the observed gamma-rays are listed in Table 1. The well known

energies of the prominent_Np239 linesl’g} served to calibrate the energy scale

below 300 keV; above this energy the known lines of Lule'lo

radlation were used.

The intensity determination was made as follows' The intensities of 35”

all new lines were determined relative to that of the h}h 7 keV line, by fitting

'_ a standard peak shape to the lines and using the fitted peak height, then
'correcting for absorption in the Pb and. for the variation of efficiency with

" energy of the Ge(Li) detector6). The intensity of the h}h 7-keV gamma ray was

related to those of the previously known lower energy gammas by observing a

‘part of the spectrum that included both the h}h 7 and 33h 3 keV gammas. It'

- was not desirable to include the entire spectrum (100-600 keV) on one gain

setting because the insufficient number of channels per keV would have caused |

the peak shape analysis to be less accurate.

Bl

Although theichemical purification'was considered to be_thorough;_ '

verification that the new gamma-rays belong to Np259 decay.was obtained by N

noting that all peaks decayed with the same half-life The value 2 3 £0. 2 days.jn' '

) end annihilation

7

v obtained, which is in agreement within our errors with the accepted value.“vﬁ}_f;’fn.
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5. Interpretation of New Levels

When the energy Qalues of ﬁhe new gamme—rays are eummed with the known
energy le;ele ef Pu?59 it 1s found that they define three and pOssiﬁly'fogr
‘new levels plue one previously knoﬁn level. TheSe'levels efe shown invfig. 2.

ALt hough the amount of information obtalnea was quite limited because
of the weakness of the new radiations (see Table 1}, it has been possible to-
.reach some definite cenclusionS‘regarding the nature of the newly}obseryed
levels in'Pu2;9. .

The Lollow1ng evidence 1nd1cates that the four new levels belong to
a rotational band based on a K = 1/2 level at h69 8 keV From the energies of

Y

the 469. 8 Lkg2.2, and 505 % eV levels one can fit the s1mple Bohr-Mottelson

equation for a X = 1/2 band '

n

e ey e P ey
| with the parameters ﬁ2/2% = 5.043 keV and a = 0.18. With these parameters
“the eneréy of tge fourfh member'of the band (I = 7/2) is calculated to be
55T keV; If one assigns the observed 392.4 and ~198.7 keV,gemmas as .the
transitions between this I = 7/2 level and the I= 0/2‘and I= 5/2 members of
the ground state band respectlvely. then the experlmental energy value of the _
= 7/2 level is defined as 556.2 keV. The agreement between experimental and
. theoretieel'values is as close as can be expected here since only the Simplest
Ltwo-term equetiop for a K =el/2 band was used to obtain.thevtheereticel value.
An independent check en the K- val@e'of‘the upper band can Se made by -
‘comparlng'uqe experlmental and theoretical relative 1nten51uies of nhotons
_connecting thiS'band with the K = 1/2 grOund) band. In the usual case, where'
:L < K, n&f, tne theoretical reduced uransiulon probablllty ratios are glven

G, .

simnlv by geomeurlc factors
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. . e 1w rr w12
B(L,Ii_¢>¢f) _ (IiuKin - &i]IiLIfo), (o)

B(L,I. » I

: - L T 2
o _ | (L1, f,). (IiLKin - Ki}IiLIfﬁKf}

However, in the special case (such as this) where L > Ki+Kf the ratios of
reduced transition probabilities involve both intrinsic and geometric factors,

and are given by:

YB(L,Ii ~aIf)

C +X : : |
I 4K 5

' ' : v £ T ' ,
(IiLKin_- Ki]IiLIfo) + b(-) (IiLKf, - K, - Ki[IiLIf - Kf) 5)
— RS - - 3

L{IiLK K. - K. ]Ik I..K, Y + b(-) {IiLKi, - Kf'- Ki}IiLIfl>-in

i £
wherevg is a parameter that depends on the intrinsic wave fﬁhetionsl¥). The
+  calculation of b from theorygihvolves considerable uncertaint&, sovwe‘haVe
treated it as an arbltrary parameter ”
In Table Q'tbe experimental branching raﬁios from each level ef the
new bend to levels of:the ground band are comparedkwith the theoreticei ratios
for Ki = kf = 1/2.. The theoretical.ratios, for dipole_transitione;bwere ebm-
puted forveeveral values of b and it was found thgt‘satisfactory agreement
between theory and expefiment is obtained with use of the value =0 %0.1.
This was the‘only situation that.was found to produce agreemeht; the eXperi;.
'mental intensities could not be accbunted for by a choiee of b outside‘thej
1nd1cated range, nor by the assumptlon of quadrupole radlatlon, nor by the
use of any value of K other than 1/2
The failure to observe a transition between the 7/2 level of the- upper"‘
band ana the 7/2 1evel of uhe ground bana can be understooa from the informa-

. tion 1n-Table‘2: the predlcted theoretical intensity of this tran51tion is

only 5% of the intensity of the 7/2 — 9/2 transition (392.4 keV), and this
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would ha&e been too weak to observe in our experiments.

'It.is of interest‘to’know the paﬁity of the upper_Kv=el/2 vand. Since .
that of the ground state K = 1/2 banad is even, a knowledge of whethex the de- .
'exciting radiatioﬁs from the upper“bahd are electric or magnetic dipole would
define its parity.' It 1is possiblelin some cases for even a crude éetermihatiQn
of the'internal conversion coefficients to'aid'in distinguishing between elec;
tric and magnetic dipeie trensitions. A measurement was attempﬁed, with’use

7 ) .

detectorso), but because of interference from the beta spectrum in the region_“
ef fhese very ﬁeak lines we were ﬁnaﬁle £o set a sufficiently_low-limit on the
conversion coefficients to allow the choice to.belmade. in this case, howeve:,.

239

one can make use ef the results of the scan of the Np electron spectfum made
at high resOiutien'by Ewan, Graham,.Geiger, and MacKenzieE) to'estimaﬁe.upper
limits for electron intensities in the region of interest. From their pﬁblished'
intensities we eonelude that Ewan etv al. should have'beeﬁ able to obsefve the
K- line of fhe hBM.f,keV transition (3/2 -95/2) if its»cohversion_coefficient
;s gfeaﬁer than 0.14. The tables of Sliv and Bandle),iist the followiﬁg theOA
retica; K-conversion coefficients:v El, b.Ol9;.Ml, 0.29. 'We:think it likely,
therefore, that the h}h.?vkev transition is an electric dipole and that the
parity of fhe upper K = l/? band 1s odd. This conclusion wogldvbe invalidated
1T the b34.T keV transition were an M1-E2 mixture with > ho%-EQ'admixture, but
according to the branching‘ratio information giveh in Table 2,'so large an
emount of E2 admixture is unlikely. | _ | ;‘i A ' . ;
On the basis of the present informatien, we propose that the mejef
compoﬁenﬁ of the newly observed X = 1/2 level at h69.8 keV is the intriﬁsici
vparticle state labelled 1/2- [(501] in the Nilsson‘schemel3). ‘Althoﬁghﬁthis

state has not yet been reported in studies of huclei.in the heavy-element

[
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. : v 1.
region, recent calculations by Poggenburg, Mang, and Rasmussenl ) indicate

v N v v v _
that it should lie at ~0.7 MeV in Pu 59.' Support for this assignment is given
by ‘the fact that the theoretical decoupling parameter (a, in eq. (1)) for

. s o 15y . . '

state 1/2- [501] is calculated (n = 3) t0 be + 0.9,7”) which is reasonably
close to the observed value + 0.48. The only other particle states in this
—theor

energy region are expected to be the even-parity'state l/2+ 020] with a

=+ 1.5 aﬁd_the'odd-pariﬁy stete.l/E- 761] with atheor = - 5.3, Neither of -
these alterﬁaﬁive‘aseigﬁments is consistent w1th the experimental data. We
cennpt-however ekclude.the pqssigility that the observed stete is an octupole
?ibratidnal excitatioh'fether than an intrins;c particleAexcitation; or that
1t 1s of mixed vibrational-intrinsic character. |

The new data are summarized in fig. 3, which also includes the pre-

viously known levels of Pu259 grouped into the respective rotational bands.

6. Beta Decay Log Ft Values

Inoorder eo infer beta deca& 1og ft values from the measured phetbn
‘.1Qten51t1es, it is necessary to make some assumpulons regardxng unseen tran51-
:tions{ In the case of the upper K 1/2 band we have observed only the inter-
band transit;ons corresponding to decay on the ground X = 1/2 band, and we

| eannot.set meaningful limits on the ihtehsities;of the lbw-energy intra-band
uran51tlons, wnich would be masked by the many known lines of hlgh inten51ty
in the low-energy_region. However it seems reasonable to assume that the
.intfe-band tfaneitiensie:e weak in comparieon with the,observed inter—band
transitidns; were this hot'so; the intensities of the-transitiops de-exciting N

._ the base staﬁe of the band (h69.8 and_h6i.9bkev transitions) would be sub-~v

etantialiy greater fhan those of ﬁhe'othe?-interebaﬁd transitipns;'contrary :

to our observations. With the above aseumption, and the assumption of negligibie'
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interhal conversion;lbg ft values for beta decay to the 5/2 .5/2 and 7/2 levels
were calculated and are given. in Table 3. (Tnlo was done by norma11z~ng our
gamma-ray inteneity data to the electron-ganima 1nten51ty,scale given in Table 3
of Eﬁen et al.2) and then utilizing thevpreviously known beta braﬁching ratios
to place the intensity values on an absolute basis.)

" The inténsities of transitions from the base state (469.8 and _1;61.9
keV'transitions) are very 10annd,could possibly be accounfed-for by intra-band
feeding, so it is not'justified to make log ft calculations with the'assumptiop'v
that their intensity results from pfimafy beta decay. In Table 3kthe log £%
value for beta decay to the 469.8 xev (I = 1/2) level is tnerefore given as a
lower limlt. .

Thevgrounﬁ staﬁe'qf Np239.is ccneidered to be made up prihcipally of
»tﬁe 5/2 + [642] Nilsson orbital; end{we have characterized the new X = 1/2 band "
as l/2 - [501]. If these two states were purelln Ki beta tran51tions with |
AL < 2 would be forbidden by the K- selectionnfule (AL, EJK)'! The.pbéeryedgbeﬁa ;
transitions would theﬁ all be of the,sofcalledAfirsﬁ-forbidden "uniqueﬁltype;
‘and the branching ratios would be given:bj ratlos qf squares of_vector-addition
coefficientsll){ On this basis, it wouid be predicted fheoretically that the
:spin 1/2 (ground) member~of the band would receive aboﬁt one-third of the total
:vbeta decay ﬁo the bahd, whereas ;ﬁ fectethe obseffed relativevintensity of this
vbeta groﬁﬁ is less than 10%. One:COncludes ﬁhat ﬁhe etates afe;,not unexpectedly,
miyed in K-values. | | | A | |
| The Nilsson orbital 5/2 + [651] 15 expected as an admixture in the Np259‘
ground. state. Beta decay from this configuration to the l/2 - [501] state of
Pu239 could proceed by AL = 1 (yes) transitions, vut these transitions are
. expected to be seriousiy hindered by the asymptotic selection fuies (here,

'='5) Thus although the beta decays. to the upper X =1/2 band appear to

taxe place via umall admixtures in the initlial or final state wave funcuions,
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é it is not surprising that the transition rates are slow'(log £t 9-10) and that
v the transition inténsity ratios cannot be correlated simply with theory for
pure K- states. .

1
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A Table 1 )
- _
Np 39 tranSition energies and photon 1nten31ties

Transition Energy Photon . Intensity’)
(keV) : -
This work™) . Ewan et al.b) " This work .  Evan et al.b)
L4865
. ko, 41 ‘_'
_ : 57.26 - _ - ' o
(62) ' . 6L.u6 I o 1.5
- - 67.87 R . ' ‘ _
88.06 . L S
w060 Y L. 13k
106,47 S Lo
. 166.39 : _ ‘
(182.0) o 18171 0.045 SRR .
(209.8) .. . 209.76 2.0, 2.k
, ' 226. 42 o - , e
- (228.2) - 228.20 6.9 U SR T
(254k.2) : Cooesk.by : 0.07 : ~0.07
- L - 272.87 . - 0.052
(277.4) - 2T77.62 - 8.28 = 8.28 -
(285.2) ~ . - 285.4k7 - A, Q.58 0.57
(315.5) 315.91 .. .0.88 0.88
(33k. 1% L 33h33 T -3 1.17
392.544) S 3 0.00091 -
Leg.s o , - 0.0022
b3k, 7 T . 0.0072
Li7,.6 S ' ‘ '0.00015
L5k, 2 LT . L 0.0004T
151.9 - Lo . o 0.0009L. )
L69.8 . o : 0 0.00062 .
484.3 . Co . _ 0.00060 - _
Loo.3 - _ T : . 0.0035
L97.8 - C ' ... 0.0018
~2+98.7 . ’ T : P ] - L
504.2 g : L 7 0.00045

) Energy values in parentheses were measured for identification only, and are
not precilse. o Co ‘

)Reference 2.

‘ )Arbitrary intensity units, noﬁnalized at the value given by Ewan et al. for
tne 277 6 xeV photon. Approximately, 1 intensiiy unit = 0.017 photons/B Gecay.

)Our estimated errors: for the energies of the new photons range from 0.2 keV
for the strongest lines to * 0. 5 AeV for the weakest lines. - : »
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Table 2
Photon branching ratios from levels of the h09 8 keV band to the ground
state band (K; = = 1/2; Ke = 1/2)
.Ii N If o , : K | +Theotetical Felative intensities®.:. = : Qaadrupole, Experimental
S : - Dipole Radiation, calec. with b =3 radiation relative
+5 41 +0.2 0 --0.2 -1 -5 to calc. with intensities
TR TR _ b =0 .
e o 2 1.0 '0.05 0.22 0.53 1.2 9% 6.1 2.1 .. 0.7
| 32 w0 -0 1.0 1.0 1.0 . 1.0 -10 1.0 1.0 1.0
o520 —-—- wdaemms cee e ——- cem aee . 0.85° (<0.15)°
/2. 12 1.0 1.0 10 1.0 1.0 .10 -1.0 .10 1.0 - - 1.0
‘ 32 : 1.6 0.19 0.025 0.18 0.55 30 6.8 2.8 0.95 0.17
5/2 e 0.39 - 0.033 0.73 1.3 2.2 W h.s 1.3 0.25 2.0 .
7/2 - S T o pmmmme o mee 1.1 - (<0.025) ;
- 5/2 1/2 '_f '_ D mme me e e cee e - = . 35.8 3 (59.05)
' 3/2 1.0 .10 1O 1.0 1.0 1.0 1.0 1.0 1.0 ’ 1.0
sf2 - - 3.8 8.7 0.005 0.068. 0.17 0.64 1.6 2.4 . = 2.k - 0.083
/2 .25 33 15 0.87 ‘0.h9 0.028 0.2+ 0.85 0.3z L2 ]
 29/2 ) L mm v,-~;_ ——- mE m-- -~ --- SRS o
' /2 3f2 T e R ’;*; .. s e Liw . i 6 - J—
sf2 . 6.0 52 2.7 1.6 ~0.92 o0.046 0.50 L6 . kb o . 21
e 1.5 21 10.32  0.053 O 0.17. 0.86 . 33 . 30 o (<0.1)
9/2 ~°1.0. L0 10 1.0 %0 L0 10 10 - 10 . 1.0 =3
11/2 - ede o eme s ees Taan LI T el e oee 1 o eae 3
8The If?dﬂ'energy depehdence has been removed. 53

bThe intensities in parentheseé are upper limits. These lines were hot.observedv

T

LN,

e g e

P S irhtartatc, = N
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Table 3
239

Log £t values of Np beta decays to members of K = 1/2- band

Level Energy (keV) % B decay Log f%
556.2 -3 x 1077 o -9.7
505.3 71 x 1070 9.7
492.6 19.5 % 107 9.k
469.9 < 2.6%107 © >10.k%

-
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Figure Captions

figure 1. Portion of the gamma ray spectruh that includes the new gamma rays
- of Np259. The spectrum was observed with a Ge(Li) detector of
dimensions 2 cm? X 7 mm déep. A 5.0 mﬁ Pb absorber was interposed
between source:and detector.
Figure 2. Levels of Pu239 defined by the new gamma rays observéd iﬁ this study.

Figure 3. Level scheme df'Pu259

, showing all known levels grouped into the
‘respective rotational_bénds."Only the newly-observed transitions

are included in this drawing.
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-

mission, 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 contractor, 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.






