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THE DECAY SCHEME OF Fm255
F. Asaro, S. Bjgrnholm, and I. Perlman
Lawrence Radiation Laboratory
University of California

Berkeley, California

July 1963

ABSTRACT

The alpha decay scheme of Fm255

has been investigated by alpha particle,
gamma ray, and electron spectroscopy.

Nine alpha groups were observed with alpha particle energies and
abundances . Of:

7.122, (0,0510,01)%; 7@098,(0.1oto.01)%;

7.076, (0.43£0.05)%; 7.019,(93)%;

6.977, (o.lito,oz)%;-6.960,(5L5io;1)%; 6.887, (0.60%0.03)%;
6.803, (0.12%0.02)%; and 6.58 MeV, (h,5¢o.9)x1o“2%.

The ground state of Cf25l was assigned a spin of 1/2 and is probably
the 1/2 + [6201] Nilsson state. Five members of the rotational band baéed on
the ground state were observed. The value of the decoupling parameter . a, is
0.24+0.03, and h2/2% has a value of 6.4#0.3. The ground state of Fn=2? decays’
by an unhindered alpha transition to a 106 keV state in Cf251° Both of these
states are assigned a spiﬁ of 7/2 and are presumably the'7/2 + [613+] Nilsson
state. Four members of the rotational band based on the 106 keV state in

251 were observed, and their energies correspond:. . to a value of h?/2% of

Cf
6.69£0.03. The 106 keV state with the 7/2 + [613%] assignment has a half-life
of (5;7t002)x10"8 sec. The gamma rays which de-excite this state to the ground

state band are thought to originate through a multiple Coriolis interaction

between two states 0.56 keV apart.
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Two other intrinsic level in Cf251 were detected. One at 546 keV was
given the assigmment of 11/2 ~ [7251] and the other, tentatively at L25 keV,

was given the assigmnment 9/2 + [615].
The appropriate alpha transition probabilities for the decay to the

various states agree well with the expectations for unhindered and hindered

alpha decay.

®
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THE DECAY SCHEME OF Fm255

F. Asaro, S. Bjgrnholm, and I. Perlman
Lawrence Radiation Laboratory
University of California

Berkeley, California

July 1963

I. INTRODUCTION
The energy levels of many nuclides below the subsheill of 152 neutrons,
have been thoroughly studied and classified.g’5 There is, however, little
experimental information on the energy level characteristics for nuclides

2

with more than 152 neutrons. is one of the few nuclides which can be
used to probe this region and which can be prepared in substantial amounts
from conventional irradiations.

Fm255 was first identified by Ghiorso et alﬂlL following an intense
neutron irradiation of uranium in a thermonuclear explosion. Alpha particles
were observed with an energy of 7.1 MeV and a half-life of ~1 day, sustained
through B decay of a longer lived einsteinium parent. Later work5’6 with
reactor-produced heavy elements confirmed the-initial results.

Jones et alw,7 in work of higher precision, reported an alpha particle
energy of 7.08 + 0.01 MeV and a half-life of 21.5 = 0.1 h for Fm255. These
authors, as well as others,8 had noted that the 7.08 MeV group, as measured
in an ionization chamber, was significantly wider than expected for a single
alpha group. .

Asaro, Stephens, Thompson, and Perlman9 measured the alpha spectrum

with a magnetic spectrograph and found only one prominent Fn=0? peak (9L%)

at 7.03 MeV (relative to 7.20 MeV for Fm25_u) and weaker groups at 7.09 (0.4%),
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6.97 (5%) and 6.90 MeV (0.8%). The observed broadening.of the alpha peak

in ionization chamber measurements was ascribed to intense conversion electrons
in coincidence with the main alpha group. Ihdeed O-L X-ray coincidence
measurements showed 2.3 * 0.2 conversion electron transitions (providing the

02 alpha

transitions were converted in all of the L subshells) for each Fm2
particle. Alpha-particle gamma-ray coincidence measurements showed, in
addition to copious L X-rays, gamma rays of ~58 and 80 keV, each in about °
1.1% abundance.

There is still not enough information in the previous studies to formu-

late a decay scheme which could reasonably explain the available data. Even

. electrons observed must mean that the decay scheme is quite complex. In the

present study more detailed measurements of the alpha, gamma, and electron
spectra of Fm255 have led to a consistent decay scheme which can be interpreted

in terms of current theories and systematics of alpha decay and energy levels.
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II. APPARATUS
‘A. Alpha Spectra
Most of the alpha SPthfa were measured with a double focussing mag-

netic spectrograph which has been described e:LseWhere‘.,'lo"‘ll

The counting
efficiency of the instrument was about 5 X :LO_LL of U, and the alpha particles
were detected with nuclear emulsions in which individual tracks were recorded.
The full-width at half-maximum (FWHM) of the alpha groups was about 10 keV
at the acceptance angle employed.

A Frisch grid chamber was also used to measure alpha particle energies.

The counting efficiency was about 50% and the resolution (FWHM) was about

30 keV.

B. Coincidence  Spectra

.An alpha particle-gamma yar coincidence system was available with
which we could measure the gamma ray spectrum in coincidence with specific
alpha particle energies or the alpha spectrum in coincidence with specific
gamma-ray energies. This apparatus has been discussed in detail elsewhere.12
It employed‘a silicon detector to méasure alpha particles, a Nal detector for
gamma rays, and an anthracene detector for conversion electrons. The resolv-
ing time of the apparatus was 4 X 10_8 seconds for fast coincidences or
6 X 10-6 seconds for slow coincidences. By inserting calibrated delay:lines
on the alpha particle output, the half-life of delayed gamma-ray transitions
could be measured. The same electronics system was also adopted for gamma-
ray gamma-ray coincidence measurements with two 3" x 3" Nal detectors.

A time-to-height converter coupled to an alpha-particle gamma-ray
coincidence apparatus also served to measure the lifetimes of delayed transi-

tions.
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C. Electron Spectra
The conversion electron spectra were measured with a 100 gauss perman-
ent magnet spectrograph of a type which has been described elsewheree15 A
wire coated with fermium or einsteinium activity served as the source for

the electron spectrograph. The width of a 60 keV line was about 0.1 keV.

III. SOURCE PREPARATION
The Fm255 and associlated activities were obtained by prolonged neutron
irradiation of americium and curium by the Berkeley and Livermore divisions
of the Lawrence Radiation Ilaboratory as part of a general program for the
production of heavy elements. For reascns which can be visuaiized from the

\
following decay properties, it is difficult +to work with completely pure

1255

253 5 | 253  a
ct 17 day > B 20 day 7
c£2* (B stabie) e B_ " Y
2T h 3.2 h
255 B~ 255 o
E T month M on

The principal path to arrive at elements beyond californium is through the

- 253 255 . . e ea
B -decay of Cf , and E is by far the predominant activity in the trans-
g253

californium fraction. The isotope captures neutrons successively to

give E251L and Ed55a
In the experiments, a fraction consisting of californium and higher
elements was first separated from fission products and lower transuranium

elements by a procedure described elsewhere‘.llL The einsteinium and fermium

were then separated from the californium by elution on a cation ion-exchange
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column with a-hydroxy isobuteric acid,15 This fraction, which contained

principally E255’25u’255:and Fm25u’255, could serve for some time as a

reservoir for 20-hour‘11"m255 because of the rélatively long half-life of the
5255 255

parent. In-this fraction,,howéver,,the activity of the Fm waS‘only

about 0.01% that of the E255. In order to delineate which features of the
253 253

spectra belong to B a pure sample of was obtained by removing it

after a growth period of a month from a previously purified californium frac-

255

tion. In some experiments the 20-hour Fm ‘was separated from the einsteinium
fraction by additional elutions on cation lon-exchange columns with d-hydroxy
;iSobﬁteric acid.

The description given above for the chemical separations is incomplete
in the sense that steps were taken to insure that the sources prepared for
spectroscopic measurements would be virtually weightless. A standard pro-
cedurel6 was employed in which foreigh ions are removed with-ion-exchange
columns both before and after a particular separation is made.

Sources for the alpha»particle spectrograph and ionization chamber
were prepared by vacuum voiatilization of the active material froﬁ a white
hot tungsteﬁ filament onto a cold platinum.plate, The length of the sources
was about 3/l inch and the width varied from QLOEO to 0.12 inch.

The electron spectrograph sources were prepared by volatilization of
the activity onto one side Qf a platinum wiré, 0.010 or 0.020 inches in
diameter. |

The source for the ai@ha-particle gamma-ray coincidence measurementv

17

was absorbed onto a sulfonated polystyrene disc.
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IV. RESULTS
A. Alpha Particle Spectrograph Measurements
An alpha spectrum of chemically separated Fm255 is shown in Fig. 1.

The source contained ~1.2 X 105dis/min of Fn=” and ~6 x lOudis/min of E°97,
25k

content was negligible. Table I shows a summary of the results

55

obtained from a number of sources of equilibrated or enriched Fm2 . Unless

The Fm

otherwise noted all alpha groups were observed with more than one source.

253

The main group of at 6.633 MeV (not shown) served as an energy standard.

54

Incidental to the measurements, a better value for the Q-energy for Fm2
can be given. Previous measurements9 had shown that there is 173 keV differ-
ence between Fm25u ao and Fme55 alO6’ hence the energy for Fm25h a_ is
7.192 £ 0.005 MeV.

The half-1ife of Fm255 was measured by following the alpha decay with

a Au-Si surface barrier counter. The measured half-life was 20.07 £ 0.07

hours.
Table I. Summary of Alpha Spectra Data
Alpha Particle Intensity Excited State Alpha decay
Energy (MeV) (%) Energy (keV) hindrance
factor
7.122 | 0.09+0.01 0 2.8 x 105
7.098 0.10%0.01 25 2.1 x 10°
7.076 0.43+0.05 L8 3.9 % 10°
7.019+0.00k4 93.h4 106 1.03
6.977 | 0.11#0.02 1ko 5.8 % 1o2
6.960 5.3 0.1 166 10.3
6.887 0.60%0.03 2ko LL
6.803 _ 0.12+0.02 326 97

a These were calculated in the manner indicated in reference 18.
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55

An alpha spectrum of Fm2 ‘was measured in an ionization chamber with

~50% geometry. The spectrum is shown in Fig. 2 albhg with the'peak'shape of
E255, which serves as the criterion for a single line. It is seen that the
Fn°2° main group, (alo6), is much spread out; it has its greatest intensity
at about 75 keV higher than the true energy and extends td about 100 keV.
This is caused by intense conversion electrons in coincidence with the main

group and indicates that the main alpha group populates a state about 100 keV

above the ground state and that the de-excitation of this state is complex.

B. Electron Spectra
An exposure of an: E-Fm source was made for l-month on the permanent
magnet electron spectrograph, and a similar exposure was made with a source

3. The E-Fm source contained 6 % lOYdis/min of E200

containing enriched E2
and 6 X lOBdis/min of Fm255. Many electron lines belongingrto E255 decay
were observed but only two lines (LII and.LIII lines of an 81,1 keV transi-
tion) could be attributed to Fm255w A further series of exposures were made
with separated Fm255 and addiﬁional transitions of 58.3% and 80.5 keV were
observed. All of these transitions were of sufficient intensity that they

could only follow ﬁhe main alpha group of Fm255e Table IT shows a summary

of the observed electron lines with separated Fm255°

It was possible to obbain rough relative subshell conversion coefficients
for these transitions,-so even without the gamma-ray measurements, it is
possible to say something about multipolarities.

M1l transitions in this energy region convert principally in the LI sub-
shell, E2 transitions convert principally in the LII and LIII subshells in

nearly equal amounts and El transitions convert in all three I subshells in

nearly equal amounts.
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Table II. FIT1255 Electron Lines

T

Electron  Sub- Binding Gamma-ray ~ Electron  Transition
Energy Shell Energy Energy Relative Intensities
(kev) (keV) (keV) Intensities (%)
32.31 Ly 25.98 58.29 ~0.5
51.49 M 6.78 58.17 ~0.1
Best value  58.3 ML ~19
55.46 LII 25.07 80.53 ~0.2
60.63 Ly 19.95 80.58 ~0.2
74,12 L 6.37 80.49 ~0.1
75.32 M 5.13 80.15 ~0.1
Best value 80.5% E2 ~16
56.01 LII 25.07 81.08 1
61.18 - 19.95 81.13 ~0.8
7h.69 My 6.37 81.06 ~0.3
75.89 Mo 5.13% 81.02 ~0.3
Best value  81.1% E2 ~B5
a

The best value for the energy separation between the 81.1 and 80.5 keV

gamma rays is 0.56 % 0.02 keV.

-
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Thus, the 81.1 and 80.5 keV transitions would be predominantly E2
whereas the 58.3 keV transition would be predominantly Mil.
Higher order transitions are ruled out by absolute conversion coef-

ficient and lifetime considerations which. are discussed subseguently.

C. @~y and.yay Coincidence Measurements

1. Low. lying states
The gamma-ray spectrum in coincidence (resolving time ~6 psec) with

the main alpha group of Fm255

is shown in Fig. 5. Two gamma-rays were ob-
served with energies and intensities of 60 keV (0.9 * 0.2)% and 82 keV

(1.1 % Oaé)%o These results are in good agreement with the previous measure-
ment;9 From the electron intensities shown in Table II, we can deduce that
20% of the observed photons at ~82 keV belong to the 80.5 keV transition

and 80% to the 81.1 keV transition.

Wé have shown earlier that the main alpha group populated a state
~100 keV above the ground state. Since the 58 and 81 keV transitions .follow
the main group, they cannot be in coincidence with each other as this would
give a decay energy which is about 40-60 keV too high. The relative inten-
sities of the conversion lines of the transitions are known and we can now
calculate the conversion coefficients assuming there are no other parallel
transitions. These conversion coefficients, as given in Table IITI, indicate
the 81 keV gamma rays have predominantly E2 multipolarity, and the 58 keV
gammé'ray has predominantly M1 multipolarity in conformity with the assign-
ments made from the sub-shell cenversion ratios. These assignments are
incorporated in the decay scheme shown in Fig. L.

The good agreement between the gamma-ray ehergies and the ievel

spacings probably indicates the 58 keV transition takes place between the
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Table IIT. Multipolarity Assigmment of 58 and 81 keV Gamma Rays

Transition Intensity of Experimental Theoretical® Assigmment
energy gamma rays conversion conversion
(keV) (%) coefficient coefficients
E1 E2 "Ml
58.3 0.9%0.2 ~26 0.7..290 Lo M1
81.1 1.1%0.2 ~T0 0.3 60 12 E2
80.5

2 The theoretical L conversion coefficient:was taken from reference 19.

The ratio of L:L +M + +-* was assumed to be 0.7.

106 keV state and the 48 keV state. If there were only one 81 keV transi-
tion its obvious place would be between the 106 and 25 keV states. Tt will
be shown in the discussion section that there ére two excited states at
#106 keV and that the two 81 keV transitions can arise from the de-excitation
of these states to the 25 keV state.

The gamma ray spectrum in coincidence with L X-rays was measured
with a resolving time of ~6 pusec, and is shown in Fig. 5. Beside XK X-rays,
both the 58 and 81 keV gamma rays were seen. With the previocus measured

9 22 alpha particle, (provided the

value” of 2.3 electron vacancies per Fm2
transitions have energies above the L binding energies) the intensity of

the 58 keV gamma ray in coincidence with transitions heavily converted in

the K sub-shells was ~1.3% per Fm255 alpha particle. The corresponding
intensity for the 81 keV radiation was ~1.2% per Fm255 alpha particle. The
significance of this measurement is that there 1s about 1 highly converted
transition (whose energy is over the L sub-shell binding energies) in coinci-

dence with each 81 keV gamma ray, and between one and two such transitions

in coincidence with each 58 keV gamma ray. This fits with the interpretation
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of the 48 keV and 25 keV levels as members of the ground state rotational
band (see Fig. 4).

The gamma-ray spectrum in coincidence with alpha-pafticles was meas-
ured with a resolving time of 0.0k psec. The intensity of the two gamma rays
~dropped substantially from that obtained with a 6. psec resolving time and
thus indicated a delay between the alpha particle and gamme ray emission. .

A measurement of alpha-particle gamma-ray delayed coincidences with a time- ‘
to-height converter showed that the 106 keV level has a half-life of |
(3.7°% Ow2)X10-8sec (Fig. 6). The partial half-lives for the individual
gamma rays are then 4.2 X 10_6sec for the 81.1 keV gamma ray and 4.1 x‘lo_ésec
for the 58 keV gamma, ray. These values- and the respective single particle |
values are given in Table IV. It will be shown later that the intensity of
the 80.5 keV transition is governed by the half-life of the preceding 0.56

keV transition.

Table IV. Retardation of the 58 and 81 keV Gamma Rays

Energy of Multipelarity Partial photon Single Retardation
gamma, ray half-life proton
half-1ife
. _6 _7
81.1 keV E2 L.2 x 10 “sec 3.4 % 10 'sec 12
80.5 keV E2 ? 3.4 % 10 lsec 2
58 keV M1 k.1 x 10 Csec 5.7 % 10 Hgec 1.1 % 107

8 The single proton half-lives were calculated from the equations given in

reference 20.

It is seen that the 81.1 keV E2 gamma ray is about a factor of 12 slower than

the single particle value, while the 58 keV M1 gamma ray is retarded by a

5

factor of about 107. The significance of these retardation factors in view

of K-forbiddeness (K = 7/2 'K = 1/2) will be discussed in a -later section.
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2. Higher lying states

Alpha transitions of very low intensity, generally leading to rela-
tivély high lying states, have been measured successfully by alpha-particle
gamma-ray and alpha-particle electron coincidence counting employing silicon
detectors for the alpha particles.12 In the present study, the alpha spec-
trum was measured in coincidence with all conversion electrons of energy
greater than 100 keV. A single alpha group attributable to Fm255 was seen
at 6.58 MeV which means that a state exists at about 550 keV above the ground
state. The intensity of the alpha group in coincidence with electrons was
(2.6 = O‘.8)><10-LL relative to total Fm-"” alpha particles. Similar measure-
ments in which the gating pulses were gamma-rays of energy > 275 keV showed
the same alpha-group in an intensity of (1.9 * O.5)x10-u. The total intensity
of alpha population of the state at 550 keV is therefore (4.5 * 0.9)X10-h.

In coincidences with the alpha group at 6.58 MeV were found gamma
rays of 120 and 320 keV with relative intensities of 1 to O.4. The photon
peak at 120 keV‘would include K X-rays of californium. The most likely
arréhgement for these two gamma-rays is shown in Fig. U where it will be
noted that their sum, 44O keV, agrees with the spacing between the 6.58 MeV
group and the main alpha group (7.019 MeV) leading to the 106 keV state. The
conversion coefficient of 1.3 * 0.5, inferred from the above mentioned data,
mugt apply to the 320 keV transition and is in agreement with the total
theoretical M1 wvalue of 1.5. Since the measurements show that the direct
population of the 426 keV level is negligible we can use the Ml assignmment
of the 320 keV gammavray to corréct the 120 keV radiation intensity for K
X-rays and then defermine the conversion coefficient for the 120 keV transi-
tion. This turns out to be 0.6 * 0.3 which is higher than the El value (0,12)

but much lower than those for M1 (6.0) and E2 (12). The assumptions made in
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arriving at the experimental estimate are such that the value 0.6 is more
-1likely too high than too low. ©On this basis the transition has been given
an E1 assignment.

From the.experimental data alone it cannot be said which transition,
the 120 keV or 320 keV, precedes the other. As will be discussed later, it
is most 1likely the 120 keV gamma ray precedes the 320 keV. In this event,
the maximum population to the intermediate state at 426 keV is U4 x 1072 of
‘l:hevaz55 alpha decay. Direct decay to the intermediate state would lower
the observed conversion coefficient of the 120 keV gamma ray and improve the
agreement with the theoretical value. A summary of the alpha energy data

f or these transitions and the hindrance factors are given in Table V.-

Table V. Fm255 Alpha Transitions to Higher Energy Excited States

Alpha Particle Intensity Excited State Alpha Decay
Energy (%) Energy Hindrance
(MeV) (Mev) Factors

6.58 (4.5 + 0.9)x10™2 546 25
6.70 <k 107 Lot > 1ooQb

@ The hindrance factors were calculated in the manner indicated in reference
18.
P Tnis hindrence factor is valid if a state at ~426 keV de-excites by the

520 keV gamma ray.
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V. SPIN ASSIGNMENTS

As'seen in Table I, the alpha population of the 106 keV state has a
very small hindrance factorOQl An unhindered decay of this type occurs in
the region of strong nuclear deformation when the initial and final states
have the samevconfigurationo22 Alpha decay to the entire rotational band is
said to be favored and the relative intensities of the respective alpha
groups are predictable. The spins of the rotational states generally increase
by 1 unit for each state, and the energies of these states follow the rela-

25

tionship
E = W+ no/2% [x(m) + 8y ) pa(141/2) (-1)“1/2] (1)

where E 1s the excited state energy, & is the momenf of inertia, W is a
constaﬁt, and I is the nuclear spin, K, the projection of the spin on the
nuclear symmefry éxis, is a constant for a given rotaticonal band and is usually
equal to the lowest spin in the band. The last term in the equation only
applies to rotational bands with K = 1/2, From the energy spacings between
the 106, 166, and 240 keV states (60.2 + 0.3 and 73.8 + 0.k keV), we calcul-
ate that I for the 106 keV level is 3.43 £ 0.1k, i.e., 7/2; hence K for the
entire band is also 7/2. The states of 166 and 240 keV will then have spins
of g/2 and li/2. The value of h2/2%3'6.69 + 0.03, is somewhat larger than
the largest value previously‘found in this region, 6.38 keV, determined from
the 287 and 330 keV levels in Pu=>,

The identification of three members of rotational band fixes the
parameters of Eq. (l), and the positions of higher members can then be cal-
culated. The energy of the spin 13/2 member of the K = 7/2 rotational band,
as calculated from Eq. (1), is 220.8%£ 1.1 keV above the spin 7/2 state, in

good agreement with an observed value, 219.7 ¥ 1.5 keV,
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If the spin assignments are correct, it -should be possible to calcul-
ate the relative alpha intensities to the various states in the band. The
alpha decay of an odd-mass nucleus to a rotational band which has the same
nuclear intrinsic configuration as the parent (favored decay) is very similar
to the alpha decay of an even-even nuclide (K=0) to the ground state rotational
band of the daughter (K=0). It has béen shown°® that the hindrance factors
for the alpha waves of the-same angular -momenta are nearly the same in both
cases. The alpha transition probabilities to the various rotational states

in favored alpha decay are given by the equation
2

{c L |
- - K
P =Py/N ZE: T ' (2)

L=0,2,U4 L(eie)

where PE is the alpha transition probability expected from simple barrier

penetration theory, HF ) is the hindrance factor from adjacent even-eﬁen

L(e-=e

nuclides for alpha emission with aﬁgular momentum L, C is a Clebsch-Gordon

coefficient, and the indices i and f refer to the initial and final states,

respectively. N usually has a value between -1 and 2 for favored alpha decay.

It is normally treated as a parameter and determined empirically, although

-1t can be calculated from a detailed knowledge of the nuclear wave functioris.2
As alpha decay data on the even-even nucleus Fm256 are not available,

25k alpha decay were used for Eq. (2).

254

' The relative hindrance fac-tors18 for 1=0,2,4, alpha emission from Fm are

25

only hindrance factors deduced from Fm

1:4:30. The hindrance factor for the L=6 wave ™ is ~1300 and is of negligible
concern here. Table VI shows the experimental and calculated intensities of
the Fm255 alpha groups populating the K=7/2_band. The agreement is reasonably
good. The ratio of the population to thg 3rd member of the band to that to

the 2nd member has been found in other odd-mass alpha emitters to be usually
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about 20-30% lower than the calculated value. Thus our Fm-255 result which
is' 36% lower than the valculated value, is consistent with empirical expecta-
tions. Deviations from the simple Bohr-Froman and Mottelson calculations

233

described- above have been interpreted for U alpha decay in terms of the
interaction of the nuclear quadrupole moment with the outgoing alpha wave.2

As yet the quantitative agreement between theory and experiment is not satis-

factory.
Table VI. Calculated Alpha Populations to the K=7/2 Band
Energy of I Predicted Relative Tntensities (%) Experi@egtal
%E:;? . "L=2 L 5 Inte?;ﬁtles
106 7/2 83.4 9.8 0.20 93.4 93.4
: (norm) : (norm)
166 . 9/2 -- 5.01 0.4% 5. il 5.% £ 0,1
2Lko - 11/2 - 0.64 0.30 0.9k 0.60 = 0.03
306 13/2 - -- 0.075 0.075  0.12 * 0.02
hot(cale) 15/2 -- —- 0.0057 0.0057 < 0.05

' The simplest explanation for the remaining alpha groups populating
states near the ground state is in terms of a single rotational band. Examina-
tion of the spacings of the first two excited states will show that only a
K=1/2 aséignment is ﬁossibie, Wth K=1/2 the order of the spins of the various
.ievel.s debends on the vdlue of a, the decoupling parameter. Considerations
of the levels populated by the gamma ray de-excitation of the 106 keV state
(K=7/2; 1=7/2) thevgammé ray multipolarities, &nd the number of converted
transitions in coincidence with these -gamma rays, lead to the spin sequence

1/2, 3/2 and 5/2 for the ground, 1lst, and 2nd excited states, respectively.
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With energy spacings shown in Fig. 4, the values of the decoupling pérameter
and hg/E%, as calculated from Eq. (1), are 0.24 * 0.03 and 6.4 + 0.3 kev;
respectively. The value of h2/2% is quite consistent with values for other
nuclides near this region. The value of the decoupling parameter will be
considered in the section on Nilsson level assigmments. From the parameters
given above, the positions of the higher members of the K=l/2 rotational band
can be calculated. The values are shown in Table VII. It is seen that K=1/2,
I=7/2 member should be very close in energy to the K=7/2, I=7/2 level (the
most heavily populated state). The next member of the band, K=1/2, I=9/2,
should be at 146 = 5 keV which is within the experimental uncertainty of the
observed state of 149 * 3 keV. As shown in Fig. 4, the spin values are quite
consistent with the assigned multipolarities of the 81 and 58 keV gamma rays.
The 81.1 and 80.5 keV E2 transitions drop from the spin 7/2 states with

K=7/2 and 1/2, respectively, to a state with a spin 3/2 which de-excites to
the ground state. The 58 keV M1 leads from the spin 7/2 state with K=7/2 to
‘one of spin 5/2 which in turn probably de-excites to the ground state through
the spin 3/2 state. It will be seen that this K=1/2 band is best assigned

to an even-parity Nilsson orbital as is the K=7/2 state.

Alpha decay betweén states -of the same parity can proceed only by
even parity alpha waves: L=0,2,4,6,---. In addition the selection rule
involviné K restricts the values of L to L > IKfaKiI, which for the present
case means that K=4,6,-~-. If L > Kf+Ki,alpha decay can take place not only
between states of Ki and Kf but also between states of Ki and -Kf- The
theory22 indicates the:folloWing relationship should hold:

f If Kf I L If 2

+ b, (-1) C ‘
Z{ Ke-K; Ke L Ki'Kf'Ki K (3)

HE
L
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where HFL are the intrinsic hindrance factors for alpha waves of different
angular momenta between states of Ki and Kf, HFL/bL2 are the intrinsic hind-
rance . factors between states of Ki and -K_, and the other values have the
same meanings as given earlier. The valqes of HFL and bL are treated as
adjustable parameters, but they could be calculated from the Nilsson wave

L
functions.eu This type of analysis of appropriate transitions in Cm2 5 decay

L
has given satisfactory agreement with the theory.2 21 For the O transition
7/24 ——> 1/2+ in Fm255 decay, only the L=L wave is possible as is the
case for the transition 7/2+ ————> 3/2+. The assumption will be made that

only the L=k wave is of significance in the other transitions as well.

Table VII shows experimental and calculated intensities to the various
members of the K=l/2 band for an L=4 alpha wave with b = +0.2. The agreement
is moderately good.

The spin assignments to higher energy states are made by comparison

with the predicted Nilsson levels, which are discussed in the next section.
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Table VII. Energy Spacings and Alﬁha Populations of the K=1/2 Band

I Energy.of state (keV) Pg Alpha abundance (%)
Calc-aa Observed 'PE:b Ca&é.b Exp.
1/2 0 0 1.00 0.11° . . 0.09 £ 0.01 ..
3/2 25.5 25.5 % 2 0.80 0.10 . 0.10 % 0.01
(norm) - (norm)
5/2 48,3 48.3 £ 2 0.65 0.L43 043
(norm) o (norm)
7/2 105 = 5 Masked 0.37 0.13 Masked
9/2 W65 193 0.5 0.086  0.11 * 0.02
11/2 236 11  Masked 0.105 0.009 - _ Masked
13/2 o9k £ 11 - 0.060 0.0015° -
15/2 417 + 20 - 0.017 0.00003° -

® The ernergies were calculated from Eq. (1) with ﬁg/Q% 6.4 and a = 0.2k.

]

i

P The abundances were calculated from ‘Eq. (3) with HF, 160 and by = 0.2
for the L = 4 alpha wave and with the relative values for the alpha-particle
barrier penetrability given in column k.

¢ These groups would have been too weak to see.
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VI. NILSSON LEVEL ASSIGNMENTS

The energy levels in the fegion of'étrong deformafion have béen‘ex--
plained-With-Considerable success in terms of Nilsson single particle
orbitals._é’5 These are the caléulated 1evé1528 in a spheroidal potential
well. A diagram of the neutron levels for the region of interestlis shown
in Fig. 7. These states are described by the quantum numbers Q[N nZ_/\z]°
Q is the projection of the particle angular momentum, J, on the nuclear
symmetry axis and has parity, 1. For the relatively low-energy odd-mass
states, =K = IO, where IO is the lowest spin in the rotational band baséd
on . N is the total number of nodes in the wave function. The number of
nodal planes perpendicular to the nuclear symmetry axis is denoted by n,
while A and 3 are the orbital and intrinsic spin components of , respectively.
We shall indicate the relative orientation of A and 3 by means of an arrow
which has the usual spin-up, Q = A + 1/2,0r spin-down, Q = A - 1/2, meaning.
For Fm255 with 155 neutrons and K=7/2, the most reasonable Nilsson state
assignment is 7/2+ [613t]. This would also be the assignment for the K=7/2

band in szsl. The ground state of Cf251 with K=1/2 and the same parity as

2

the 7/2+ band, is very likely the state 1/2+ [620?], The decoupling param-
eter, a, can be calculated for this level from the given wave functionso28
For a deformation (n) of 6, the calculated value of a is +0.29 in good
agreement with the experimental value (see Table VIT and corresponding text).
As was discussed earlier, an E2 transition between the K=7/2+ and
K=1/2+ rotational bands occurs with a retardation of only 12 over the single
proton transition rate. This transition is K forbidden in that 2<|Kf—Ki|,
and it has been found that K forbidden transitions are usually retarded by
~lO2 for each unit of K forbiddeness. The relatively small retardation which

we observed can be explained if we assume an interaction between the two near

lying states at 106 keV, each with spin 7/2.
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The 106 keV level with a K of '7/2 would then have a small admixture
of K=1/2 and the close lying level with K=1/2 would have the same admixture
of K=7/2. This admixture caﬁ'be calculated if we assume that the 81.1 keV
E2 is due to the K=1/2 admixture in the K=7/2, I=T/2 state. This transition
will then be collective in nature and have a transition probability roughly
equal to the product of the single proton value, a factor of 200 due to the
collective nature,go the square. of the appropriate Clebéch-Gordon coefficient
(0:26), and the unknown admixture. The unknown admixture, "a“", is then
eésily calculated to be 0.2%. If we had assumed instead that the 80.5 keV..transi-
tion was the interband transition, the calculated admixture would have been
even smaller. Thus for the 106 keV states the calculated admixture of K=1/2
-étate is < 0,2%° Both of the two 81 keV transitions have intensities of at
least 16% as cen be seen from Table II. From the alpha population expected
from Eq. (3) or the amount expected from a 0.2% admixture of K=7/2, it is
difficult to see how the direct alpha population to this state with K=l/2,
I=7/2 could be greater than 0.5%. This can be confirmed by another line of
reasoning. If the interband 81 keV E2 transition is 'slow" because of K
forbiddeness, the other intraband 81 keV transition should not decay with
the same half-life unless it is from a state nét directly populated in alpha
decay. Therefore, the K=1/2, I=7/2 state would then lie lower in energy
than the K=7/2, I=7/2 state and would be populated by a gamma-ray transition
from the K=7/2 state. The 81.1 keV gamma ray would drop from the K=7/2,
I=7/2 state and the 80.5 keV gamma ray would drop from the K=1/2, I=7/2
state. As these gamma rays both presﬁmably populate the spin 5/2 state, the
energy difference between the two spin 7/2 states and the energy of the

transition between them is 0.56 keV (Table II).
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If the foregoing_analysis is correct it should be possible to calcul-
ate roughly from the appropriate Nilsson wave functions,gs the M1 transition
probability of the 58.3 keV transition between the K=7/2, I=7/2 state and
the K=1/2, I=5/2 state. With the previously calculated admixture, a nuclear
deformation (%) of 6 and values of g, = E%— and g = 2,6 as given by
Rasmussen and Chiao,29 the calculated M1 transition probability for the 58.3%
keV transition is 1/6 of the observed value. We do not believe that this dis-
agreement seriously affects the interpretation as the highly retarded Ml
transition would be very sensitive to details of the nuclear wave functions
arnd admixtures ofvother states. The 58.% keV transition should have an E2
component, but the intensity of its conversion lines, as determinedBO' from
the appropriate Clebsch-Gordon coefficients and the intensity of the 81.1 keV
transition is about 10% of the 81.1 keV transition. This would have been
below our limitg of detection.

It is also possible to calculate the intensity of the 0.56 keV transi-
tion between the two.spin 7/2 states. The M1 transition probability for this
transition as calculated from Nilsson wave functions is over an order of mag-
nitude higher than that of the 58.3 keV transition for conversion in comparable
shells. The restrictions on the conversion opportunities of the 0.56 keV
transition (O-shell and higher shells) bring it calculated M1 transition
probability to about equal to that of the 58.3 keV transition. The E2 com-
ponent of the 0.56 keV transition (as determined from the appropriate Clebsch-
Gordon coefficients and the intensity of the 81.1 transition) would be about
1/4 of the intensity of thele component. The total calculated transition
intensity for the M1 and E2 components is ~25% of the alpha decay.

This value may be compared with the intensity of the 80.5 keV transi-

tion, 16%. The agreement is fortuitously good considering the approximations



-23- UCRL-10635

involved. There should be a predoﬁinantly M1l transition of 57.8 keV from the
K=1/2, I=7/2 state to the spin 5/2 state. If this spin 7/2 state decays in
nearly the same ménner as the K=7/2, I=7/2 state, then the intensity of the
57.8 keV transition weuld be ébout 1/4 of the 58.3 keV transition or below
our limits of detegtion.

The interaction we have proposed between the two spin 7/2 states at
106 keV would be due -to the Coriolis foi-ce,51 Using Nilsson wave functions
we calculated the interaction between the two close - lying spin 7/2 members
of the Nilsson states 1/2+ [6201] and 7/2+ [6131] via the various q = 3/2
and Q = 5/2 states with N = 6 as intermediaries. The energies of the various
states were determined from the Nilsson eigenvallues for N = 6 with the excep-
tion of the 3/2+ [622¢] staté which was arbitrarily placed at 230 keV. The
splitting between the two spin T/2 states was taken as 0.56 keV. The cal-
culated relative a&mixture,."ag", of the two spin 7/2 states in each other.
was ~0.7%, in reasonable agreement with the value, 0.2%, inferred from the
transition probabilities.

The state at 546 keV de-excites to a T/2+ state at 106 keV by cas-
cading E1 and.Ml transitions. It thus should have odd parity and can have
a spin between 5/2 and 11/2 inclusive. The only state in this region which
satisfies these requirements is the 11/2— [7341]. The fact that the 11/2—
state lies below the 9/2+ state in Fig. 7 is not disturbing because its
position‘isvdetermined by the placement of the j15/2 state at zero deforma-
tion, and this was selected somewhat arbitrarily. It is known ,for example,
that the 9/2- [7341] state should be about L4OO keV higher than the 7/'2+ [62ky]
2,3

state, although it i1s shown at a lower energy in Fig. 7.
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VII. ALPHA DECAY THEORY AND SYSTEMATICS

Tt has been shown empirically by Prior 2 and theoretiéally3by Mangeu
that for hindered alpha decayé betweén states in which 3 changes sign, the
hindrance factors are about 105—1Ou;”an order of magnitude larger than those
for which > does not change sign. In the latter category, with low hindrance
fadtOré, would be the alpha decay from the 7/2+ [613t] state to the 11/2- [7251%]
state (HF ~25). 1In the former category with high hindrance factors would be
the decay to the 9/2+ [6154] state (unobserved, HF > 1000), and the alpha
decay to the 3/2+ [6224] state (unobserved).

The alpha decay to the 1/2+ [6201] state illustrates both types of
hindered deéay. As seen in Eq. (3) there are two interferring components in
this decay;F-the major component goes from Ki=7/2 (7/2+ [6151]) to

K. =1/2 (1/2+ [6201]), with a hindrance factor, HF , of 160. 3 does not

L
change sign for this decay, and as expected the hindrance of the first L=4

alpha wave component is low. The second component goes from Ki=7/2 (7/2+ [6131])
to K= -1/2 (-1/2+ [620}]) with an alpha wave hindrance factor, HFL/bLQ, of

LO00. = does éhange sign for this component of the decay and as expected the
hindrance factor’ is higher. Thus, the measured alpha decay hindrance factors

for the given state assignments are consistent with the present knowledge of

hindered alpha decay.
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Fm255 gamma-ray spectrum in coincidence with alpha particles.
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