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ABSTRACT
The nuclear radiations associated with the alpha deéay of Fm 7 héve
,5een.ihvestigated by a variet& of spectroécopic ﬁechﬁiques@ Alpha gro@ps
vere observed with enérgies and intensities of ~6.75 (0.4£0.2)%?, 6.69610:005
_(3.2;0.5)%, 6.519:0.002 (9k+1)%, 6.443+0.003 (2.2£0.3)% ana‘~6.55 MeV (~o.5)%?
Gamﬁa~ray transitions were seen in coincidence with alpha particles‘with

\

energies of 242, 180, and 62 keV.

The ground state of Fm257 is given the Nilsson assignment 9/2+9/2[615¢}
as is the 242 keV'stafe of Cf255. The ground state of Cf253 is given the assign-
ment 7/2+7/2[6131). For thesé bands in the dalghter nucleus the rotational
constants,ﬁ%@%,have thevrespecfive valueélof 7,liO.h and 7.0£0.1 keV, the largest
valueé found yet-in the very heavy elements.‘ Some of the alpha-and gaﬁma-fay

transitions are interpreted in. terms of a Coriolis interaction between the two

assigned Nilsson levels in the daughter nucleus.



I. INTRODUCTION

, v . 257 . N ' o .
The alpha-emitter I'm 1 is of some interest because the study of 1

alpha decay could reveal the spectroscopic assignment for neutron number 157
iy . P . . . - ' b' “ '-255

and +the low-lying states associated with neutron number 155 in the CI

e . = 2 Fal T‘. 255 .

daughter. The ground state for neutron number- 155 is known from Fm but

257

nothing is known about neutron number 157. Fn has a half-life of some-

2535

. . N~ ' A
thing under 100 days™’" and grows successively the B -emitter CI

25% -
-enitter Es‘5), each with a half-life of approximately 20 days. The diffi-

and the

Q

R . 2
culty of extracting information from Im 2 decay lies in the fact that it has

o s . . s 1,2y
only been made in very minute amounts. The earlier studies 2253 employed

'sources of only a fraction of a disintegration per minute up to about one
disintegration per minute. In the present study, éources several‘times
intense were available as a result of the irradiétion of éurium isotopes
igh*flux reacior‘gt the Savannéﬁ'River Plant. Thé émounﬁs prepared
were still not enough for a detailed study of the spectrum but the févoréd
alpha-transition was clearly delineated asnleading t0 a state at 22 keV,.and

much was learned about the ground state band by measuring y-transitions -from

+the favored state.
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_ II. SOURCE PREPARATIONS

Mixtures of curium. isotopes were irradiated in the Materials Testing

Reactor (MTR) and the Savannah River Reactor (SRR). The irradiated material

| ) o v
was put through the usual chemistry procedure by the Berkeley or Livermore

heavy-element production groups and a fermium fraction was extractecd. These

overations were -followed by many separations in ion exchange columns to
remove plutonium, separate the fermium from other actinides and rare earths,
and make the fermium nearly mass-free. After purification the activities

vere dissolved in 0.00k M HNO5 and electroplated onto a 0.0001" nickel plate

covering an area about‘l/B"vin diameter.5 Four fermium sources were prepared

. . S ‘ ' .. . . \ . 2
in this fashion. Source I contained after chemistry considerable 20 hour Fm 22

~2.3 dis/min of Fm257, ~1.2 dis/min of Es>? (impurity), 0.35 dis/min of o

51 255

The. other

(impurity) and ~0.25 dis/min of o from the decay of Fr

sources were not processed as quickly and did not contain as many impurities.

: » 5 7
Source II contained 1.9 & dis/min of Fm 57, source III contained 28 dis/min

o 257 ' 57 -
of Fm=2 ! and source IV contained 8.4 dis/min of e ! after chemistry.

2
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© IIT. EXPERIMENTAL

A jAlpha Spectra -

- vl‘ ». . v-' 4 - N . 2 v‘-
. The earlier measurements of the Q~particles of Fm 57-using icnization
‘chambers showed a group at 6.525&0;0055 or 6.56£0.0k MeV.” Other groups of

somewhat higher energy were unresolved and could have been fictitious because

conversion electrons in coincidence with alpha groups are partielly registered

3

in this type of meésgrement.
The alpha_spectrum of source I was méasured ﬁith a FriSCh grid chember
'a£ a geometry of about'hb%. A spectrﬁm téken ébout two weeks aftér tﬁe initial
-Es-Fm separation and>ébout 9 days after the.last séparation is shown in Fig. 1.
The 20 hour Fm255 originating from E5255 is'stili prominent; This peak.is
guite broad because of copious cbincidences.with conversion electrons.. Aiso
prominent is a sméar of alﬁha.particie energies frém 6.53-6.76 MeV which has been
previouély identifiedl’5 as Fm257. A portion of the smear in our spectruﬁ is
due to E5255 which was present as an impurity. The peak at 6.11 MeV is:due to
Cf252 which was incompleﬁeiy removed in the chemistry,'and the éeakg at 5.84
and 5.67 MeV are dﬁe to Cf25l which grovs inﬁo Fm255. The sﬁearing of the Fm257
alpha peak is also very likely caused by intense conversion electron coincidences
with fhe main alpha group. In order to-cheék.this possibility the alpha spectrum
was measured at solid angles of'7.5, L, 3, and 1.75 percent withléﬁrface-ﬁarrier
- Au-S1 detectors coupled to appropriate elecfronic circﬁitry. Figﬁre 2 shows the
alpha spectra of Fm257 taken at a solid angle of 3 percent. The various alpha
particig energies and intensities are summarized in Table I. Atvthe lowest

solid angle most of the Fm257 alvha radiafion is in a single peék at 6.519 MeV.
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A high energy shoulder on this peak becomes relatively more intense as the solid

angle becomes larger This type of behavior would be caused by coincidences

between the main alpha group and conver31on electrons, Auger electrons and L
x-rays. A peak at 6.696 MeV represents a true alpha group of Fm ( as its
intensity, (5.2t0.3)%, did not change drastically in the various runs. ‘A peak

: cems & 257 mtenas £0.2)% aft
at 6.75 MeV seems to be due to Fm and has an intensity of (0.4x0.2)% after
the coincidence effects due to electrons are subtracted. There is a group at
6.441 MeV with an intensity of 2.0% and a rather dubious group at ~6.35 MeV
with an inten51ty of ~0.5. Neither of these latter two groups could be caused

by a-e” c01ncidences as their energies are smaller than the maln O peak.

B, Alpha Particle-L x-ray Coincidences

The alpha particles were detected with a ZnS screen coupled to a.58l9
bphotomultlpller tube, and the L x-rays were detected w1th a 3.8x0.1 cm Nal
crystal w1th a beryllium window. After amplification the output of the detec-
tors was fed into a coincidence unitnwith lvasec resolving'time. The coinci-“
dence ontpnt.operated a linear gatevwhich controlled a parallel L X-ray input.‘
into a pu;ééQhéiéhi analyzer. .The observed intensity'of coincident L X-rays in
source 1‘;o£ré§pahaed to 1.3 I+M ... electron vacancies.per Fm257lalpha particle.
The true_ralue-would be somewhat larger as coincidences-are lost when XK x-rays,
gamma rays, or other L x-rays enter the.L x-ray detector simultaneously with
L_x-rays:..Theblarge.amount of vacancies per alpha particles shows in itself ’

that the prlncipal alpha group or groups are in coincidence with more than one

highly converted gamma ray.
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.C. “Alpha Particle—-Gamma.Ray Coincidences

lfThe L.x?ray detector in the appafatus described above was replaced
with a 3" x 3" Nal detector; The gamma-ray spectrum in coincidence with
alpha partiéles is shown in Fig. 3. Copious K x-rays of Cf werepobserved
(51% per Fm257 alpha particle) and gamma rays'of ~185, (8.5x1)% and 247 keV,
(10%1)%. The K x-rays were also measur ured with & Ge detector (resolution ~1.1
keV).and the energies of the K, o and K o x-rays were llh.9 and 109.9 keV respee-
tively. All of these radlatlons are of sufflclent intensity -that they must -

orlglnate from the level populated by the 6. 519 MeV alpha group.

D. Alpha Particle—Conversion Electron Coincidences

The electrons were detected with a Li-drifted gold-surfaced silicon
detector, 0.3 cm thick and l;2'cm‘in diameter. The alpha particles were
detected through the 0.0001" Ni backing plate with a surface-barrier Au-Si

detector. The full width at half maximum for an electron peak of 100 keV

'energy was 5 keV. The outputs of the detectors were fed through electronic

circuitry similar to those used for the alpha-paiticle gamma-ray ceincidence
expefiments. The electron spectra in coincldence wiph alpha particles vere
Investigated with sbuz_'ces I andv II. The electron spectrum foi‘ source‘II is
éhown in Fig. 4 and the energies'andlintensities are tépulated in Table Il.

The three most intense electron groups are relatively well deflned

‘The 106 keV: group must be due to the K conversion of a 24l-keV tran51tlon by

: the process of elimination1 It it were an L conversion line, the M conversion
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line (whicn was not ébservéd).shoﬁld have béenvéeen. ij 6n the othér hand it
vere an M confersion line, the L conversion ;ine»(which was not observed)
should have been seen. - This assignment ﬁa;jconfirmed by finding groups (216
and 235 keV) corresponding tbithe L ahd M conversién‘lines of a.2h2 keV tran-
_vsition. (Table II). | .

: Similar arguments indicate the 45 keV line must 5e due to K’conversiqn
of a 180 keV transition. The'57 keV electronvérogp éannot be a K conversion.
line as there are-né corres?énding L conversion lineé'in sufficiéﬁt infensity;;
It could possiﬁly'be an M conversion line; but then the total inteﬁsity for
the transition would bé éomewhat largef than lOO%,'and ﬁe would_have expected
an appréciably‘larger value than our measﬁred one of 1.3 for‘the.eleétron
vacancies per alpha pgrticle. The‘ﬁest assignment for the. 37 keV electron
group appears ﬁq be as an.L conversion line 6f a 6§_keV transitioﬁ. The observa-
tion of groups (59.and 55AkeV)-corresponding in energy andﬁintehsity vwith the -

expected values for M and N conversion of a 61 keV gamma ray confirm this assign-

3

ment.

The other radiations listed in Table II are rather dubious, but they
are consisﬁent with transitions of 78 and 103 keV each in about 8% abundance.

There 1s also evidence fop coincidence -stack~up radlation between the 37 and

45 keV electron groups.
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v.dence resolving time of ~1 usec.
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E. Transition Multipolarities -

»All_fransitions indicaﬁed in this paper were measured with a coinci~
Therefore EB, M3, and highef multipolarities
can be exc*uded as their lifetimes would be expected to be much 1arger than

1 uSec. From the K conversion coefflclents of the 180 and 2L2 xev tran51tlono,

‘as shown in TablevII, they very likely have Ml multipolarity with possible E2.

admixtures. Our data are not sufficiently precise, however, to. rule out E1-M2

admixtures. The multipolarities will be'diseussed further in the theoretical,

analysis of the decay scheme.

F. TFissions
The fissions in source II were eounted over a period'of 441/2'months.

The fission to @ ratio wes found to be (2 3:0. h) X 10 =2 in good agreement with

previous values’ L) ’3. The half-life as measured by the flSSlon decay wes found

to be 8525 days.
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'IV. DISCUSSION.

A, Fm dl Decay Scheme

Thé intensittes of the 62, 180, and 2L2 keV tfanéitioné are sufficieﬁtly
large .that these transitibns ail originate with the 6.519 MeV alpha group. The
moét reasonablé,decay écﬁeme consistent with all'of ouf data is sﬁowﬁ in'Fig. 5.
The ground state of Cf253 would be.expectedvté have the same Nilsson quantum
numbér$,8 KIII[N N, A.Z] as Fm255; 7/2+7/2[615T].9 ‘The gfound state and the
excited statesat 62 © . and poss;bly u_ﬂ;hb keV can be interpretea agk
rotational members of this K=7/2 band withvspins of 7/2, 9/2, and 11/2 fespec~
tively. The 62 KkeV gamma ray should then be a rotational‘transition having
M1-E2 multipolarity which is consistent with the éxperimental iiﬁitations of
either M1, E2, or Mé multipolarity. The rotational conétant,_ﬁg/E%,'deauced
| from this energy is 7.0£0.1 which is the largest observed in this region; The
6.75 MéV alpha group may'populate the grouhd state; but better data thén that
obtainable from the sources atailablé would be necessarybto establish this
conclusively. |

The 242 keV staté whichbdrops transitions with M1 components to the
spin 7/2 end 9/2Imembers of the ground state band would then have positive

parity and a spin (and K) of 7/2 or 9/2. The only Nilsson state in this

region satisfying these requirements would have the quantum'numbers'9/2+9/2[615¢].

The level at 321 keV would be the’ first rotatlonal state of thls band with spin
and parity of ll/2+ and the dubious state at ~hlh could be the second rotational

state with spin and parity 15/2+. The rotational constant, n /2%, for this band

is 7.1i0.h, which is also one of the largest in this region.
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B. Gamma Ray'Tfansition Probabilities

The reduced transition probabilities for gamma rays from one state

~de-exciting to various members of a rotational band-shduld be proportional

simply to the square of the appropriate Clebsch-Gordan coefficient,

<Ii L X, Kf-Ki I, LI, Kn)*, for states w1th Pure_K. Tne indices, 1 eand

T, refer to-the initial and final states, L 1s the angular momentum associated
with the gamma ray, I- is the nuclear.spin, and X is its projectioh on the
nuclear symmetry axis. In Table III we show the calculated'relétive3photon

intensities for 241, 180, and 103 keV M1 transitions de-exciting a KI = 9/2+ 7

state to the 7/2, 9/2, and 11/2 members respectively of a KI = 7/2+ band.

‘Also. in Table III are shouwn the experimental values including a photon inten-

sity for a 103 keV transition obtained from the_electfon intensity and_the :
theoretical conversion coéfficients7 fof én M1 tranéition éf this energy.

It is seen that the tfansition probability to the spin 9/2 state'reiaéive:

to the 7/2 state is about an order of magnitude smaller than the experimental
value. In addition the traﬁsitién probability to the spin 11/2 state is near-
ly two orders of magnitdde smailer than our . rough. ekpefimental value.

Thus the Ml transitions cannot proceed simply between'stétes with pure K values
but must be caused by‘ddmixtufes of other K values. One such expected admix-
ture would be caused by the Coriolis interaction between the X = 7/2 and

X = 9/2 bands. The'Qhé keV siaﬁe, which has pr;néipdlly'K = 9/2, will contain
a small K = 7/2 component which can decaybﬁy M1 (ahd,coliective E2) transitions
to the principal X = 7/2 coméonent in the ground state band. Ih addition, the

K = 9/2 component in the 242 keV band can decay by M1 (and collective E2) .
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" ffansitions to a small K = 9/2 component in the_ground state band. These two
effects will interfere with each other and with the intrinsic;deCay betveen o
the principal X components. The strength of the.inﬁeraction ié strongiy  o
cdependent upon the‘natﬁre of the particulﬁr Niléson orﬁitals, and, if we .
‘ignore pairing, can be calculated from Nilsson wave fﬁnctions and.fhe enérgy
spacing between the'bands. This will bevdiscuésed'ih more detail in the
section on alpha decay. Thevpertinent point found is that the M1l transition
probabilitiés due to the Cériolis interaction are not only comparable to ther
intrinsic Valueé but can Be m@ch largef depending‘on the valﬁes chosen for
| the gyromagnetic ratio of the neutron, 8. and the gollective éyromagnetic’
ratio, gR. In Table IIIlwe show the ML trénsition pfobabilities'expected
from only tﬁe Cériolis indﬁced transitions withouf any intrinsiec contribu-.
_ and 0.3 _

tions for g =.O'6 g, and gR=O.2 / at a deformation of 1= 6. g, is the
free nucleon Value,of the.neutron gyromagnetic ratio, -3;82. We have also
calculated the E2 trénsitibn prpbabilities due- to the Coriolis admixtures
assuming a collective’enhahcement of 200.  These values are also included in
Table iII. With the admixtures deduced in the later section of alpha decay, .
ithe EE transition probabilifies between the different intrinsic states is
hegligible. It is seen froﬁ Table IIX that,the.experiméntal gamma. fay’inten~
sity ratios can be roughly reproduced by cénsidering only transitions due to
Coriolis admixtures. Tn eddition it is seen that substantial amounts of.EQ
admixtures are gxpectéd, especially in.the 242 keV transition. This is con-
sistent with the K.conversioh coefficients observed for the 2h2iand 180 keV 3
transitions. With the present father crude experimental data, specglgtions on

the effect of admixing the intrinsic and Coriolis-induced M1 transitions and

the best values of g, and e do not seem worthwhile.
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C. Alpha Decay
The 6.519 keV‘alpha group has a hindrance factor;very close to unity.

This indicates that the ground state of the parent and the daughter state
257

populated by the alpha group have the same configuration.y Thus Fm would

be.expected to have the same Nilsson guantum numbers as.the 2L2 keV state,

~il.e., 9/2%9/2[615?]. It would ordinarily_be possible to calculate the rela-

tive population to the other members of the 9/2+ band in the daughter from

appropriate Clebsch-Gordan coefficients and the hindrance‘factors for various

angular ‘momentum alpha waves determined from adjacent even-even nuclei. Unfor-

tunately the relative hindrance factors for L = 2 and 4 alpha waves are not

258. We have used instead the‘values for Fm25u decay

known for‘Fm 56 and Fm

'along with the equations given in Ref. 9 and have calculated e population of

3.6% for an_alpha group to a spin 11/2 group at-519 keV. A theoretical calcu-

. . - 10 ‘
.>lation by K. Poggenburg  predicts a value of 3.89%. These predictions do not .

compare well with the experimental value of 2.0%. The discrepancy with our

calculation may be due to Fm256 and Fm258

254 : :

having appreciably larger L =
hindrance factors than Fm » v
In order to calculate the expected alpha particle intensity to the 62
keV state which would'be induced by the Coriolis interaction, it is necessary
to know, in both the parent alpha emitter and the daughter, the matrix elements

for the interaction and the energy spacings between the interacting levels. In

“addition it is necessary to know the magnitudes and the phases of the matrix

. elements for alpha decay for both of the interacting states. As the energy

spacing between the interacting levels in the parent is not known, we shall
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only consider the effects due to the adﬁixture.of'K_= 9/2;in the 62 keV‘state
of the daugﬁtef. Tﬁe.ratio.of.thé hihdranée‘faétor.for favored alpha decay - ' ‘Q
to the hihdranée factor fof a similar decay to the 62 kef'state is then

simply the squafe of the admixture (a) of X = 9/2 in the 62 keV state. TFor

small values of AK/AE then:
o? = (AK/AE)2 (I-X) (T+¥K+1) = HFfév/HF,

where HF is the alpha decay hindrance factor induced by the Coriolis inter-

action, HF is the hindrance factor for Fm257 favored alphe decay, Ao is

fav
the Coriolis matrix element, AE is the spacing between the interacting levels,

and K = 7/2. With & value of %-/2% of 7.2 keV, the value of A, is 5.4 KeV as
calculated from Nilssoh's wave functions. The calculated HF is then ~1.2 X 102.
Considering the approximations mentiéned above  and the possible effects of
pairing correlations on ﬁhe Coriolis matrix elément,‘this is in fortuitous.

agreement with the experimental valué; but qualitatively confirms the presump-

tion of a Coriolis interaction between the states; 



[

irradiated materials.
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Table III. Theoreulcal 1nten51t1es of gamma rays deexc1t1ng
the 242 keV state of C£°-. '

Theoretical intensity ratios

Sbin of y.Ray " Experimental M1 intrinsic Transitions between the same -
daughter energy- intensity  transitions intrinsic states (Coriolis
state keV% ‘ratios between pure ,“_admixtures)
© . states
M1 ! B2

(gé=0.50) (gR=o.eo) (co1l.)
A » (g,=0.68,) (8,=0.6g,)
11/2 103 0.11 . . 0.0018 0.085 0.102  0.0022
9/2 - 180 0.85 0.092 0.59  0.79% 0.11
/2 2k 1 T 1 0.675  0.68
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Figure Captions

EY

Fig. 1. Fmo 1 o spectrum taken with a Frisch grid chamber (0 = LO%). : L)

Fig. 2. Fm257 o sﬁectrum taken with a AufSi.surféce varrier detector.
: _ Wk

@=3%. . | S |
Fig. 3. Fm257 a spectrum in coincidence with-alpha partiéles. | ’ '

Fig. L. 'Fm257 eléctroh spectrum in coincidence with alpha particles.

Fig. 5. Decay scheme of Fm257.
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Gamma-ray coincidence events
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Electron coincidence events
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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.
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