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In the present note we will report briefly our experimental

2ke B- | 2U6 PB- Cm;46

s#udy of the sequence, Pu T3 Am 55min , and then discuss in

somewhat greater detaill the interpretation of the levels observed.

While most of these levels agree surprisingly well with the expéctations

2hg

of the existing theory, the K=2~ band observed in Cm at 8h2 keV,

seems to be somewhat lower in energy and more collective in nature than

might have been expected.
L6

The Pu2 was producéd in a thermonﬁclear explosion, and was
subjected to extensive chemical purification. The purifiéation proce-
dure involved co-precipitation first witﬁ’BiPoh"and then with LaFé to
separate the actinides from the bulk of the fission products. Absorp-
tion and elution from both anion and cation resih columﬂs'ﬁﬁder varying
conditions of oxidation and reduction served:to éepg;ate‘hhe plqtonium
fraction from the othgr actinides. A_final extraction step using the
reagent TTA (essentially specific for Pu under our conditions) yielded

L6

carrier free material. The resulting Pu? solution was evaporated to

dryness on a small area of a film of Teflon about 3 mils thick. The
Teflon film served as the source for these determinations. The only

237

radiocactive impurity detected in the final‘samples was 40-day Pu , and
the low-energy radiations from this isotope caused a minimum of inter-
ference with the présent study. . The avéilability‘of high-fesolution

Ge (Li—drifted) gamma -ray detectors makes the presenf work on this se;

quence congslderably easier and less ambiguous than previous studies.lfg’3



- ~ _UCRL-16192

Portions of the gamma—ray spectrum of the eéqilibrium mixture
taken on a Ge detector 0.8-cm deep by ~6 cm? in area are shown in
Fig. 1. The traﬁsitions observed are listed in Table I together with
their relative intensifies. Algo in Tabie I are thg results of the
following coincidence runs: (1) . x—fays (NaI) vé 600-1200 keV region
(Ge); (2) 1050 £ 50 keV (NéI) vs 100-500 keV region (ce); (3).800 £ 50 keV
(Nal) vs 100-500 keV region (Ge); and (&) bk kev (NaI) vs ié-MOO keV
region (NaI). These results, taken together with a variefy_of supporting
mea surements and'thé rather precise gémma—ray energieé; éstablish'the
decay scheme shown in Fig. 2. Parts of this scheme were known previously;

in particular, the beta”groups have all been directly seenz’5

2lg

the weak lowest-energy one from Am ~. We have, however, édjusted their

except for

'infensities tb'agree with the present.gamgajray data.

Two additional measurements require special comﬁent._ A.delay
was found between‘the Lk keV transition and both K x-rays snd 180 keV
photons., Using two Nal detectors and a time-to-heiéht converter, we
measu;ed this delay to be (4.3 * 0.3) x 1072 sec. ~ The ~40 keV photon- .

3 L6

was shown” to belong to the .decay. of Pu2 P, The second measurenent was

Qf.thé'conversién coefficients of the 799 and i079 keV transitions.
This measurément was made‘by HQllanderC;hd Haverfieldu.using ;imuItaneously‘
a Ge (Li-drifted) detector for gamma rays and a Si (Li4drifted)'detectof
for electrons. The electron lines weré ndt observed, but a sufficiently
low limit wés set to exclude all multipoiarities.except!El.‘

_ In.tﬁe following few paragraphs;'wevwiil aésign spins, péritigé,
K=values, ﬁnd configurations (in terms of the Nilséon stafes)5 to the
levelé observed. Although a highly consistent picture can be established,

it must be pointed out that, particularly in'Am?u6, direct proof. of the

assignments is largely absent.
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Y6 (o246

decay), the observed levels must have spins no

246 (

larger than 2 or 5, since beta transitions from Pu

In
I=0+) are
reasonably fast. vThe lowest Nilsson state'for the 151-st neutron is
almost surely 9/2- [T34] (cr. Cf2 9),6 and for the 95-th proton-éhould,.
be 5/2— [523 ] w1th 5/2+ [642] lying rather close. ' Considering only low; 
spin components K:[Qn - Qp[, we have levels of 2+ and 2-lexpected to.lie

lowest in Am?h6. We propose that these are the ground énd Lk keV levels,

respectively, observed. in Am2u6,vbecause then: (1) the 4.3 ﬁsecvhalf—

' 1ife of the El transition is in agreement with the iange of half-lives
observed fof the analogous El transitions in odd-A,neptuﬁium and aﬁericium
nuclei; (2) the lack éf observed beta populaﬁion to the ground state is
explained (AI=2, no); (3) the log ft for beta decay to tﬂe 2- state (és'
observed by Hoffmén and Brown)2 is 7.9 aécording to ouf ihtensities, whi¢h
s reasonable for AI=2, yés'(ho'oda—AFénaiogdﬁé tréhsitiOns.kﬁown)Q.aﬁd'

L6

(W) the beta decay of P ’coCmeu6 can be understood (as will be described
lafér). It i1s perhaps worth pointing-out'that there‘ié veryvlikély,a'

7- (or possibly T+) isomér of Am2u6 cdrresponding to the oppositevcoﬁpling
of the 9/2- neutron and the 5/2% proﬁonu:"Indeed, the 7- étate'éould be

at élightiy lower ehergy than the‘2+ staté,_indibated as the ground '

state. | | | | , o
| On thé basis qfvtﬁe ébove aséignments, the 224-kev level probaﬁly‘
has spin_and parity 1- dﬁe to its low log ft‘valué_and the observed E1

' and Ml transitions to the 2+ and 2—vlev§ls fespectively. The:only two

likely candidates for this state are: (1) proton 5/2- [523] and neutron
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7/2+ [62k] or (2) proton T/2+ [633] and nentron 9/2- [734]. These
’ ' k3 243 239

- Am - Py

5?>

have predicted log ft values of 6.1 (cf. Pu and Am

and 7.0 (cf. Bk2n9 —aCfgug) respectively; and the observed log £t value
of. 5.9 strongly suggests the former assignment - With assignment (2)
above, the 180 keV Ml transition ought to be much (~lO - lO ) faster
than the 224 keV E1 tranSitlpn w1th no apparent way to speed up the El;
whereas, with assignment (l); the Ml transition is forbidden, but could
be introduced»in sufficient strength by.only a’few percent adminture
(in the amplitude) of state (2) above. Thus we prefer assignment (1).
A survey of the expected levels in Am2h6 shows that it is entirely.
reasonable that no other levels should be populated in the beta decay

2Lg

of Pu to Amo 246 (QB 2400 keV).

In Cmeu6 the K=2- and K=1- bands at 842 and 1080 keV, respectively,
are well established. The assignments of K=1- te the band at 1351 keV,
however, must be considered tentative; the evidence.fer it_being only the |
spacing of the two levels and the pattern‘of transitions (shown.to be.
~largely ML) to the lower K=1l- band. In assigning eonfigunations to
these bands we will-use as a guide the calculation of Soloviev and Siklos',7
which give the energies of the two:quasi—particle excited states of even-
“even nuclei,_based en the Nilsson statesdand the superfluid model. ~These
calcdlations are quite useful, even though they are not necessariiy
expected to be accurate to better than a few hundred keV.

Thefe are only three K=1- configurations expected to lie-at

reasonably low energy in Cm2u6. These are: (1) n-n, 7/2+ [624J-+'9/2- [75&1:.

E = 1.1 MeV; (2) p-p, 5/2- [523] + 7/2+ [633], E

cale =.l-5_MeV3.and

calc
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(3) p-p, 5/2+ [6k2] +3/2- [521], E =_i.5 MeV. The log ft values

calc v
' L : . 2hg . :
expected to these configurations from Am (as previously assigned)

are: (1) 6.1 (cfl Pu245 —>Am?u5vand a9 —aPu259); (2) 7.0 (cf.

24h9 2&9)

Bk - Cf

; and (3) no  population (change of_two quasi—particles).

The lO80'keV band is in excellent égreément with the enérgy of configura-

tion (1) above, and the observed log ft of 6.3 is quite consistent with

© the expected one for this assignment. Similarly fhe 1351 keV band, with
an ébserved log £t of 6.8, agrees very well witﬁ configuration (2) above.

Configuration (3) should not be populated, in agreement with our observa-

| tion of only two K=1- bands.

The El transitions between the 1080 keV band and the ground band. 
have rélative transitionvprobabilities in agreement With-the‘veétor'addi-
tion coefficients for K=1: i. e., (El;vl - O+ /B(El' 1= »2+) = 1.94 = 0.08
et 2.00 for K=1; and B(El 3- —2+)/B(EL; 5- —>4+) 1.13 ¢ 0.25 of. 1. 33
for K=1. We estimate that these El tran51t10ns compete more or less. equally
with the rotational transitions within the 1080 keV band, meking the E1.
lifetimés ~lO5 longer thah‘the sihélé barticle esﬁimate. This isvfypical
for ELl transitions between Nilsson states in'this region of the periodic
table. The M1 transitions between the K=1- bands are forbidden if the con-
figurations'are pure, but could»be ihtroducea by very smal; mixing'of
these two bands (cf}-the‘two'k=8— bands8 in Hfl78) | 1
The spacings in the 1080 keV band are 1nterest1ng If we neglect’
)2 2

terms in I (I+l , and use the formula:

"EI: By + [A+( )I+l lI(Ifl)Q
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then we find A=5.5 keV, énd A2= -0.51 keV. This value of A2 is somevwhat
larger than might have been expected, although it falls in a reasonable

range: A > A, > lO_BA, The fact that the relative El transition prob-

2

abilitles agree with K;l, suggests that the above A, energy term

2
results mainly from diagonal rather than nondiagonal matrix elements
(see Ref. lO), as the latter typé of coupling would'normally be expected
to affect the transitions. |

okug

The most interesting band in Cm is probably the K=2- one.
Only two configurations are available for this band: (1) n-n, 5/2+ [622]

+ 9/2- [T34], E

cale - 1.k Mev; and (2) p-p, B/Ef,{SQl] + 7/2+ [633],

Ecalc = 1{7 MeV. Thu; while Soloviev an@ Siklos are in excellent agreemgnt,
with the-energies‘of the K=1- bands; the lowest calculated two-éuési; |
particle.K=2- staﬁe lies about 600 keV too high.' This immediately sug-
gests a collective nature for the 842 keV band; and, in fact, Soloviev

and Siklos constrﬁct a collective state, méinly from the above two K=2F 
configurations, and predict its energy to be-l.lvMeV. If WOuld appear

that the state may be.somewhai mofe collecfive théﬁvtheir estimaté._
vAdditional evidence.for the collecfive nature comes from the log £t value
for the beta decay to this band. One would predict a vglue of 5;8 for

b1 2kl 239 pue39

~configuration (1) above (cf. Puet S am 5 Am , and

e —aNp259), and no decay to configuration:(2). The observed lbg £t

of 7.0 is consistent with neither of £hese, and fequires either the col-
lective explanafion or a different ground state for Am?46, Thé latter
alternativé leads to difficulties eisewhere-inbthe‘scheme. Sizeable.two? _
" quasi-particle components in the collective Band (e.g.,’éonfiguratibn:(l)
above) could account for the obéerved log ft of 7.0. (The admixed -
amplitudéé reguired here.are at least aﬁ order of magnitude lérggr than -

- ' ol
those required to introduce the ML transition from the-eghAkeV level of Am 6.
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The E1 transinions from the 17 keV, 5- level appear to compete:
roughly equally Wluh the rotational urans1tion 0 the- 8&2 keV level.
- This implies El transitions about lO5 times slower than the Single

particle estimate; similar to those previously found for'the 1080 keV

band. This time,vhowever, the E1 transitions are K-forbidden, and
under such circumstances £hey are surprisingly fast if we are dealing '
with Nilsson states. This would seem to be etill more evidence for the
.collective nature of this band. |

A survey. of the expected levels in Cm246 showe no others
(QB—Q i MeV) that might be expected to receive more than a few percent
population in the beta decay of Am2u6, as assigned above. Thus‘the
" scheme proposed (see Fig. 2) can account for the lack of‘appreciable beta
transitions elsewhefe'in Cn2|6 as well as describing reaédnably well the
levels observed. o

Perhaps the strongest_evidence for tne'collectife nature of the
2- band in CmeLL6 nould'be'the s#etematic oeeurrence of sueh levels at
comparable energies in neighboring nuclei.AvSome evidence on this point
- .exists. A characteristic feature of the lowest member (2-) of this band
is a single transition:to_the ground band. No other collective band thue
far known in deformed nuclei decays in this manner, and not many two-
quasi—particle stafes would be,expected‘fo do so. VThnsgthe,oecurrence.of‘
“single transitions at energies around one MeV in e&en-even nuclei might
serve to indicate such bands Tran51tions fitting these requirements

e{m (Bx 2Lk decay) ™t and Cf25o (s 250 12

are known to occur in C ‘decay),
suggesting 2- levelsg in these nuclei at about 950 and 850 kevV, respectively
Thus, collective 2- levels_lying around 900 keV may be a systematic .

feature of nuclei in this region.
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" These K=2- bands presumgbly correspond to octupgle'vibfations,’
similar to tﬁe well-known K=0- bands in. the Ra-Th-U fegiOn.-'In'this
...regard it wouldvbé important to try to Céulomb excite the 2- bands and
show the enhanced B(E3) values\(as has been done for the K=O-‘bands313.
Tt is‘ﬁot iikelyithat a K=O—:Band«lies below the K=2- band in n2*6 | ana

4thué the‘loﬁest octupole band has probaﬁly changed between plutonium and

: curium.from K=b- to K=2-. It is interestihg that in Jjust this samé
region fhe léwest quadrupole vibration changes frbm K=0+ (beta)'to

K=o+ (éamma).' This mist have to do with fhe general type.of-orbifgls fil-
ling.in fhése regions, and the calculaﬁions-of SOIOViév and Siklos Bear
.out both of theée cross-overs in a general'way;-although they haﬁg
probably underestimated.the‘collective ngture of the K:E— bapds.

. This work would not have.been possible without the help of the

staff of the.Iawrgnce Radiation Lavoratory gt Livermore,'who produced
the Pu2u6, We are particularly grateful to Df. Richa?d W. Hoff. The
‘initial chemical processing on one of thé Pu“sampleé wés done at~Argonﬁe
National iaboratory. We épﬁreciaﬁe the help of théif.éhemistry staff,
espéciélly‘that of Dr. Herbert Diaménd. The initial chémiéaliprocessing

26

for the other Pu sample was done by the Berkeley Heavy Element

Production Staff. Special thanks are due to Mr. Thomas C. Parsons.
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Table I. Gamma ray and coincidence data.

E © mel. . .Coinc. | Coine. Coinc. "~ Coinc.
g Cinten.®  © w.L x ray w. bh kev w. 1050 w. 800
P ' transition ‘ '
Mo e - | | |
K x raye_ o ﬁ“ - ' ,. w50 . 3.7 o .(0.6)d
7L o - 0.1 :
180.k 1020 . (10.2)¢
22h.0- . 255 |
o008 el | o vv L o ' 0.08
238 - 0.3 - ~0.08 . 0.2
24k .6 N | | 0.6 a
| “L} 1.5 b
2h5.h .
256 0.2 o
262 0.1, 0.2 o (0.0k)
270.3 1.0 | o L (0) a
288 _Q.1_ ' . 01 :
o2 0.3 | ] S I 0.%
734 1.2 2.5 | ' B -
R 1 T Lig ‘
759 0.8 4
799.0 -+ 28.6 30.3
83k 2 2.5
: :,. - o b b b
%87 11 o2
1037 b 139
0635 1930 (19.3)°
1079 - LBLs 5.6 : | o
v1086' | fﬁf '1l7-1 Y19 4 J - 5

&1 percent of betguglslntegratxms provided there is no beta populatlon to the
ground band of Cn , ‘

bReglon not observed in this experiment
°An intensity for the Lk keV photons of ~50% was determlned from coincidence measurements.
d(*orrected for a contrlbutlon due to gates from ComptOn scattered ~1 MeV photons

Normallzed
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Figure Captions

VA 244

- Fig. 1. Gaﬁma—fay spectra from the beta decay of Pu and Am .

Fig. 2. Décay schemes of Pu2u6 and A 2&6} a, this intensity was

measured by other workers (see reference 3).
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