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Tlffi DECAY SClmME OF ETIJSTEINIUM-254 . 

William McHarris, F, S. Stephens, 1'~. Asaro, and I. Perlman 

Lawrence Radiation laboratory 
University of California 

Berkeley, California 

October 7, 1965 

'ABSTRACT 

We have studied the alpha decay of. ,_,.280-day Es254 ·.to , ·Bk25°, 

and observed the following alpha groups: _6.486 MeV, 0.27%; 6.437, 93%; 

E).424, 1.'7%; 6.392, 0.13%; 6.367, 2.9%; 6.355, 0.74%; 6··331, 0,05%;. 6.284, 

0.16%; 6.276, 0.22%; 6.200, ..... 0.05%; 6.193, --.0.05%; 6.113, 0.33%; and 

6.056, 0.16%. In addition, from conversion electron and gamma-ray (Ge 

and Nai) spectra, some 20 gamma-ray transitions were _observed. Most of 

this :information has been used in characterizing rather unambiguously four-·:' 
;·, 

low-lying rotational bands in Bk25°. The properties of these bands ha~b 

been compared rather carefully with those predicted by considering the 

odd neutron and odd proton to move independently of each. oth~r. The. 

predicted and observed properties are in surprisingly good agreem~nt,' 
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I . INTRODUGriON 

The study of energy levels in odd-odd nuclei is of particular 

interest because of the very small amount of such information available 

for this nuclear type compared with the other types. This lack of in-

formation is due primarily to the scarcity of readily prepared and studied 

radioactive isotopes leading to the population of such levels. In the 

heaviest elements the beta-decaying even-even nuclei are particularly dif-

ficult to study, because the neutron deficient ones frequently decay 

mostly by alpha emission, while those having a neutron excess are difficult 

to prepare. Occasionally, however, an odd-odd nucleus decays primarily 

by alpha emission, and such cases can be quite favorable for the study of 

the energy levels in the daughter (odd-odd) nucleus. 

Ar ~42m h l . m as also been studied, and several rotational 

The alpha decay of 

N-n238 bands in the .1:' 

daughter nucleus were well characterized and interpreted. The present 

study of the alpha-emitter, Es254 , was made with the hope of finding d 
similar abundance of levels populated in its daughter, Bk250 • 

Einsteinium-254 exists in two isomeric forms, a beta emitter with 

half life of 38.5 ± 1. 0 hours and an alpha emitter with half life of 

~280 days. Until the present ~ork there has been no information concerning 

the relationship of these isomers to each other. Our work on the alpha-

active isomer indicates that it is probably the ground state, the beta

active isomer being Es254m. The closed cycle on which this is based 

compares the SQ~ of the Q-values for Es254m beta decay (1.170 ± 0.005 Mev)
2 

and 
254 . 3 

Frn 
1 

alpha decay (7 .313 ± 0.005 MeV) with the s).l..~ for 
254 

Es alpha 

decay (6.625 ± 0.005 MeV) and 
250 4 

Bk beta decay (1.757 ± 0.020 MeV). 
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One obtains 8.483:!: 0.007 MeV vs. 8.382:!: 0.021MeV, respectively; and 

from this the beta-active 
2"'\ 

Es /~m is expected to lie 101 :!: 22 keV above 

the ground-state alpha emitter. 

The ~uestion arises concerning an isomeric transition bet~een the 

t~o. 

active 

Rather complete decay-scheme studies have been made on the beta

Es254m. Asaro and Perlman5 and Unik, Day, and Vandenbosch
2 

have. 

assigned it a spin of 2 1 most likely ~ith odd parity. In OUJ;' alpha-

spectroscopic studies on 251
' Es ~ ~e have fo~~d it to have a high~spin, 

namely In, K == 7+ 1 7. Thus, an isomeric transition -..wuld have to be of 

E5 multipolarity. Using the Weisskopf estimate, 6 ~ne finds the single-

particle half life to be ·""'320 d. for a 100-keV E5 transition.·· Thus, a 

maximum branching of 0 ·5% ~ould be expected for the isomeric transition_: 

and, in fact, ~e would predict it to be considerably smEller because this 

E5 transition involves, with our assignments, a change of both proton and 

neutron states. Thus, it is not unreasonable that this transition has not 

been seen. 

254 . 
To detect any beta branching. f'rom 280-day Es , one needs only 

look for the 7.202-MeV alpha particles3 from its daughter, Fm?54
. We 

have looked for these high-energy alphas with a solid-state detector and. 

-4 al . found an upper limii? on their abundance of 2 X 10 10• It is not expected 

that there would be more than this extremely small branching as there is 

en~lY. l.O'f MeV available for the beta decay of Es~;il+., it is likely that 

there are no states having high values of K appreciably below this energy 

in With K=7 for 280-day Es
254 , a beta transition to the 6+ 

member of the K=O ground-state bancl would .be 6-fold K-forbidden. 
:l 

·" 

• 

i 
I 

• I 

I 
i 

l 
' 'I 
l 
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IJ.'here remains the question of' alpha branching from 39-hr 
254m· 

Es . 

Since the ground state of Bl;;:
25° most likely has the same intrinsic 

configuration as that of Es25
4

m, the favored alpha decay ~ould be to this 

state. These alpha particles could be expected to .have an energy of 

6.52 ± 0.02 MeV, and for a lo~ hindrance factor as one would expect, the 

254m · 
alpha branching would be -3%' of the Es decay. We made a cursory 

search for alphas of this energy but ~ere unable to detect them above the 

very large background of Es253 (used to prepare Es254m). It ~ould be 

~orthwhile to separate the 254m Es from Es253 an~ to look for and study 

this branching, since it v/Ould populate some~hat different levels in Bk25° 

than are populated by 

The sources of 

254 
Es • 

II. EXPERIME1'TAL DATA 

A. Source Preparation ).~ 
~ 'i•\ . 

2~ ~· 
Es . used in this work were prepared as part of 

the Lawrence Radiation Laboratory heavy-element program; in this case 

mixed targets of Pu242 and Am241 were irradiated for as long as two 

years at an average flu..'< of lt. x 1011~ thermal neutrons/ sec/ cm2 in the 

Materials Testing Reactor at Idaho Falls, Idaho. Successive neutron 

captures result in the eventual build-up of Es254 activity as well as 

other heavy actinides. Because of the intense radiation levels involved, 

the initiai chemical separations and purifications were performed by remote 

control·iri' water-shielded "caves."7 A fraction consisting of the californiu.111 

and higher elements v1as first separated from the fission products and 

. 8 
lower actipides by a procedure described elsewhere. The einsteiniu.111 was 
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then separated from the californium by means of cation exchange, using 

a-hydroxy isobutyric acid as eluant.9 Extraneous mass (i.e., foreign ions) 

was removed by means of an HCl 10 anion-exchange "clean-up" column. The 

einsteinium fraction consisted initially of d E 254m an s , 

with small amounts of Es255 and fermium; small amounts of californium 

1 . d . th 1 Th E 254 - bt . d . b a so remalne ln e samp e. e s was o alne ln reasona ly pure 

isotopic form simply by allowing sufficient time for the other einsteinium 

activities to decay out. It was then necessary to separate out the Cf249 

(daughter of Es253) and Cf250 (granddaughter of 254 Es ) which had grown 

in, as well as the small amount of Cf252 remaining in the sample. This 

left only Bk
250

, a 193·3-min
4 

beta emitter in equilibrium with its 

parent. 

The sources used for alpha spectroscopy were vaporized in vacuum 

from a hot tungsten f'ilament onto a platinum plate. The activity was 

deposited in a narrow line, 0.02-in. wide and 3/4-in. long. For the 

permanent-magnet electron spectrograph the 254 Es was similarly ~aporized 

onto one side of a 0.02-in.-diameter platinum wire. For the L-x-ray 

coincic.ence studies a special sample was prepared by vaporizing the 

activity onto a 0.001-in. -thick nick2l backing; and for L-x-ray intensity 

measur-ements, coincidences, and M-el1~ctron studies using a windowless 

propo:ctional counter, samples were pr•,pared by drying small amounts of 

Es254 in water solution on 0.001-in ... thick Mylar films. 

' • 

~ 
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B. Alpha Spectroscopy 

Two separate methods were used to obtain alpha spectra of 

The first of these, for high efficiency, was the use of solid-state alpha 

detectors consisting of gold-doped silicon crystals. These had efficiencies 

of up to 30%, depending upon the size of the detector and the geometry 

of the counting arrangement. The signals from the detectors were .fed 

through biased amplifiers and displayed on a 400-channel analyzer. The 

best resolution we were able to obtain with our 254 Es sources was 30 .keV 

(full-width of peak at half-maximum). 

Figure 1 shows an alpha spectrum obtained with a solid-state 

detector; it covers the energy range of. 5.7-7.3 MeV and is a 72-hr run. 

In addition to showing the detailed compositions of the sample, this 

·spectrum was taken to loo.k for the presence of Fm
2

54 as discussed in 

Sec, I. The few events above the Fm255 group can be taken only as an 

upper limit; for, although a 48-hr background run showed nothing in this 

region, the cl52 in the sample could conceivably produce these counts 

as a result of tailing from the spontaneous fission fragments. The species 

present and their relative intensities are listed in Table I. The energy 

calibration on this solid-state detector spectrum was obtained by linear 

interpolation or extrapoJ.ation from at least three standards. 

As a corollary to this "wide-range" alpha spectrum and the search 

for 
. 254 255 
Fm , we were able to obtain a new value for the half life of Es . 

It can be seen from Fig. l that Fm
255 was present in the sample to the 

extent of ·o.001%. Since the source was about two years old and .Fm
255 

has a half life of 21.5 hr, 11 its presence in the source could be due 

only to its longer-lived Es255 parent keeping it alive. Although the 
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peak assigned to Fm255 in Fig. 1 appears at the correct energy and has 

the spread toward higher energies t~~t is characteristic of Fm255 (due 

to pile-up of the many conversion electrons present in its decay)~ the 

fermium fraction was separated from the einsteinium fraction, and its 

decay was followed for a week in a Frisch grid chamber to make sure it 

decayed with the half life of Fm255 . The agreement was good, and from 

knowing the approxir~te composition of the original sample immediately 

after irradiation we were able to calculate a half life for Es255 of 

38 ± 3 days. 

The second method of obtaining alpha spectra, used for high resolu

tion, was by means of a 180° double-focussing magnetic spectrograph :Vhich 

has been described else;here. 12 ,l3 The' transmission of this instrument 

was -4 4 ~5 X 10 of TI. The individual tracks left by the alpha particles 

in a nuclear-emulsion photographic plate were counted with the aid of a 

microscope. A resolution of 10-keV full-width at half-maximum was obtained, 

and a spectrum having about this resolution is shown in Fig. 2. The · 

energy scale for these spectra is roughly linear; the actual energies 'of 
0 13 the resolved groups were calculated by the method of Asaro and Pilger 

and are given in Table 

to the 6.031-MeV alpha 

of Es254. A separate 

II. The energies 

14 of Cf250 group 

spectrum having the 

listed were calculated relative 

and the 6.437-MeV alpha group15 

6.031-MeV alpha group of cf
2

5° 

centered in the region of high resolution was used to obtain a_peak shape 

that was kriown not to be complex; this was especially necessary in order 

to resolve the lower-intensity components near the 6.437-MeV ·alpha group., 
/1' 

I 
I 
I 

I 

I 

.... 
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c. Electron Spectroscopy 

The conversion electron spectra were measured with a 180° 

permanent magnet spectrograph having a uniform 

0.020-in.-diameter platinum wire coated with the 

16 100-gauss field. A 

Es254 served as the 

source. Exposures of 3, 10, 30, and 380 days were made with a source 

initially containing 60,000 dis/min. The width at half-maximum of a 

typical line (dHP/Hp) was around 0.1%. The spectrograph was calibrated 

2c:;3 
by means of the lines from Es ) and Am241 

sources prepared in an 

identical manner. These energies are expected to be accurate to ~0.2%. 

In Table III the electron lines are listed with their assign- . 

ments and approximate relative intensities. The seven transitions assigned 

are rather clear because of the number of lines observed for each of them. 

There were eight weak (classification VVW and VVVW) lines below 20 keV 

that are unassigned,. some of which are probably Auger lines. A few addi-

250 tional lines that could be assigned to the decay of the daughter, Bk , 

were also on the plate, but are not listed here. Multipolarity assignments 

can be made reasonably unambiguously from the subshell conversion ratios; 

and, using these assignments, the relative transition intensity can be 

estimated. These are also listed in Table III, where they have been 

normalized. to 100 for the 42.6-keV transition. It is perhaps worth 

pointing out that the M2 assignment of the 35·5-keV transition is strongly 

indicated by the rather unusual L-subshell ratios observed. 

~<'·" ·, 
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D. Gamma-ray Spectroscopy 

The gamma rays of Es25
4 

v1ere studied using both 'Nai(Tl activated) 

and Ge(Li drifted) detectors. A spectrum from each type of detector is 

shown in Fig. 3· In both cases the spectra were taken in coincidence 

with alpha particles (detected with a ZnS-coated photomultiplier tube), 

using a 0.1-~sec resolving time. This was done to reduce the background, 

'in particular that from the Bk25° in equilibrium with the Es254 . A 

3 X 3-in. Nai(Tl) crystal mounted on a Dumont 6363 photomultiplier tube 

was used. The germanium detector was l em in diameter by 7 mm thick, 

and its relative efficiency was calibrated with sources of Lul((m and by 

comparison of the sums of the peaks in Fig. 3b with the corresponding 

. 254 
compound peaks in Fig. 3a. The gamma rays identified in Es decay are 

listed in Table IV together with their intensity as a percent of the 

alpha-disintegration rate. The 1-x-ray region is not shown in Fig. 3, 

and will be .discussed later in thi·s section. The measurement of the t~ 
:;'j 

intensity of the 63-.keV gamma ray is described in the following para.graph, 

and the remaining intensities in 'l'able IV were measured relative to this 

one, using spectra such as those in Fig. 3· The energies in Table IV 

are expected to be accurate to ±2 keV, and the intensities to about ±l5<fo· 

The intensity of the 63-keV gamma ray was measured by comparison with 

the 
241 . 

60-keV gamma ray of Am , whose intensity was taken to be 0.359 per 

alpha disintegration. 17 Comparisons were made both as singl~s counting 

rates (from alpha-counted sources of 254 Es and Am
241

) and in coincidence 

with alpha particles. The singles method gave (2.3 ±0.5)<{o 63-keV gamma 
\ ~--;· 

ray per alpha disintegration, whereas the coincidence measurements gave tlie 

more precise number of (2.0 ± 0.2)<fo. The agreement of these numbers is 

worth noting, because it means that the 63-keV transition does not follow 

the long d~layrn t~t w111 be discussed shortly. 

' 
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The determination of the intensity of L x rays, or L vacancies, 

-was complicated by the fact that a large fraction of these v1ere found to 

follovi delays long compared -with usable resolving times (a few iJ.Sec). Two 

methods: however, -were found 1-1hich gave reproducible and mutually consistent 

results. These were: l) a singles measurement with correction for the 

2!"0 
Bk) L vacancies, and 2) integration under the delay curve. A. brief 

descr:Lption of these methods will be given here. A comparison of L-x-ray 

versus alpha counting rates for Es 
253 

and Es254 gave 3.2 ± 0 .1+ L 

vacancies per alpha disintegration for Es
254 

(+Bk
2

5°) based on the value 

0.0825 ± 0.0083 L vacancies
18 

per disintegration for Es253. The effect 

of any difference in · L subshell conversion ratios for these t-wo nuclei is 

not likely to be larger than approximately 10%. The fraction of the L 

. th 254 Bk250 "l"b . h 254 vacancies ln e Es - equl l rlum mixture -whic belong ·to Es 

was determined by carefully comparing the counting rates of L x rays to 

the 990, 1032-keV radiation (from Bk250 ) in the equilibrium sample and in 

a chemically separated sample of Bk250 . This yielded the result that 72% 

of the L vacancies in the mixture belong to Es254 , and coupled -with the 

earlier result gives 2.3 ± 0.4 ' L vacancy per alpha disintegration for 

Es254 . It is this number .which is listed in Table IV. 

The second method for determining the intensity of L vacancies 

involves integrating the delay curves described in the next section. We 

will not discuss the curves here but simply point out that the efficiency 

of the system for detecting L vacancies was determined by measuring an 

Es253 source under identical conditions, using the above-mentioned intensity 

for Es253 L vacancies. Separate integration of the prompt and delayed 

components gave 0.035 ± 0.005 prompt L vacancies per disintegration of 
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254 Es and 2.2 ± 0.2 delayed L vacancies. The total of these two is in 

reasonable agreement with the result derived above from the singles 

measurement. 

A number of other specialized coincidence experiments involving 

gamma rays and, to some extent, electro~s and alphas, were made, but 

these 'dll not be described in detail here. Instead, they will be briefly 

discussed at the appropriate point in the discussion section. 

E. Delays and Time-to-Height Coincidences 

l. 63-keV gamma 

Since it was known that the 63-keV ~ of Es
254 

is d~layed, its 

half life was measured with a time-to-height converter. Nai(Tl) and ZnS 

det';=ctors were used to detect gamma rays and alpha particles, .respectively . 
. . -.~"-;"t~?-;-~~ 

;The 63-keV ~' selected with a single-channel analyzer, was used to start 

the ramp generator, and the alpha pulses, after passing through a delay 

unit, were used to stop the ramp. The resulting delay curve is shown in 

Fig. 4. Using the half life of the 60-keV ~ from Am
24i as a standard19 

4 . 
(t

1
;

2 
= 63 x 10-9 sec), the half life of the Es

25 63-keV ~ was found 

to be (38 ± 5) x 10-9 sec. 

j · .. 
-:: . ... 

The same.apparatus was used to determine whether or not the K x rays 

were delayed. Within the limits of the experiment it was found that all 

-9 K x rays ape prompt, i.e., t 1;
2 

< l X 10 sec. 

. ·~ 

' 
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2. L-x-ray Coincidence Studies 

During the course of this investigation it ~as found, as mentioned 

earlier, that most of the numerous L x rays are involved in a delay that 

is long compared ~ith the usual resolving time of 6 ~sec. To measure the 

half life of this delay another time-to-height converter, with a ramp rise-

time adjustable from microseconds to seconds, ~as used. The a pulses 

were used to start the ramp generator, and single-channel-analyzed L-x-

ray pulses from a 1-in.-diameter, 1-mm-thick, beryllium-window Nai 

detector ~ere used to stop the ramp. A delay curve obtained using a 2-msec 

sweep is shown in Fig. 5· A Tektronix-type 180A Time-Mark Generator 

was used to calibrate the time scale; and, since the time-to-height con-

verter was found to be nonlinear at low pulse-height output, a random 

time-to-height delay curve ~as used to improve the calibration further by 

giving for each channel an "effective channel ~idth. 11 From t~is delay 

curve it was found that the half life of the delay is 213 ± 8 ~sec. 

In order to look more carefully at the port·ion of the delay curve 

immediately following the prompt edge, essentially the same experiment was· 

repeated with the scale expanded, as is sho~n in Fig. 6, where the ramp 

sweep was 500 ~sec. This sho~s clearly that there is a dip following the 

prompt peak, a situation ~hich implies a second, some~hat shorter, delay. 

The data from Fig. 6 uni~uely determine the order of the t~o delays. 

If the shorter delay ~ere to precede the 213-~sec delay, a ~ondition of no 

e~uilibrilim would arise, analogous to the similar case on a longer time 

scale ~hen the half life of a parent nuclide is shorter than that of a 
,;;.,• 

daughter;. A predicted curve for this case is sho~n in Fig. 7a. If, on· 

the other hand, the shorter delay were to follow the 213-~sec delay, 
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a condition of transient equilibrium would arise. The predicted curve 

for this case is given in Fig. 7b. It can be seen that the data of 

Fig. 6 fit the second (transient equilibrium) curve in Fig. 7 rather 

well (the dip is filled in somewhat by 'cross-over transitions). Thus, 

following most of the alpha decay there are two delayed transitions, the 

first with t
1

; 2 = 213 ~sec, the second with a somewhat shorter half life. 

3· L-x-ray vs. L-x-ray Time-to-Height Coincidence Studies 

To determine the actual half life of the shorter delayed transi-

tion, L-x-ray vs. L-x-ray coincidences were used. The same apparatus was 

used as in the a vs. L-x-ray coincidence studies, except that a second 

1-in.-diameter, 1-mm-thick, beryllium-window Nai detector was substituted 

for, the alpha detector, and the signals froi)1 this were single-channel 

analyzed for L x rays before being used to start the ramp generator. The 

time scale was again calibrated with the time-mark generator and by means 

of a random spectrum that determined in~ividual channel widths. The· 

resulting delay curve is shown in Fig. 8. With a ramp sweep of 500 ~sec, 

the half life of this transition was ~ound to be 29 ± 1 ~sec. (It is 

th:i.s determination that was used in the predicted curves of Fig. 7.) 

There are also a smal·l number of prompt L-x-ray vs ·• L-x-ray coincidences, 

but it is difficult to tell just how many of these come from· Es
2

5
4 

(Bk
2

5° 

is in equi~ibrium). It is important to note that there is no prominent 

213-p.sec component in this delay· curve (upper limit 20'/o of the 29-~see .. 

component). This means that no prominent source of L x rays precedes 

the 213-~sec delay. 



(' 
I 

:'I • 

-13- UCR1-11676 

4. 63-keV-y vs. 1-x-ray Time-to-Height Coincidence Studies 

It would, of course, be of interest to examine the number and 

particularly the delay of the 1 x rays following each of the gamma rays 

listed in Table IV. This would give considerable evidence on which of 

the lower bands in Bk250 is the termination point of the particular 

gamma ray examined. Unfortunately, the only gamma ray of sufficient 

intensity to make this practical is the one of 63 keV. For this transi-

tion the measurement was made. using .a 1-1/2-in. -diameter x l-in. -thick 

Nai crystal with a beryllium window to detect the 63-keV gamma ray. 

The output from this detector was single-channel analyzed and used to 

start the time-"to-height converter. The single-channel-analyzed 1-x-ray 

pulses from a small Nai detector (as used before for L x rays), after 

passing through a passive delay, were used to stop the time-to-height 

converter. Again a 500-~sec ramp was used. The resulting spectrum is 

shown in Fig. 9· This shov1s that the 29-~sec delay follows the 63-keV 

gamma·but the 213-~sec delay does not. There is a sizeable prompt 

coincidence .peak, some of which very likely indicates prompt 63-keV vs. 

L-x-ray coincidences, but there is also a ,background underneath the 

63-keV line (largely from the 990, 1032-keV peak of Bk
2

5°) which can 

also contribute these coincidences. 
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III. DISCUSSION 

A. Decay Scheme 

In this section we •Jill establish the simplest level scheme con-

sistent with the experimental data just described. In construction of this 

level scheme it is not necessary to introduce any detailed interpretation 

of the levels; although, as we "Will later sho"W, the agreement bet"Ween the 

scheme and the predicted levels of Bk250 is remarkably good. The only 

two a SSllffipti.ons "We will make are 20 1) the existence of' rotational bands, 

the occurence of "Which is "Well established in this region, and 2) that 

.the scheme is no more complicated than necessary to explain the experimental 

data. 

The higher-energy alpha groups l.isted in Table II can be rather 

convincingly divided into three rotational bands as sketched in Fig. 10. 

The intensities as well as the relative energies have been used in this 

division. The second member of the lo"West of these bands (at energy:; 

~x + 43 keV) is not observed, but one 'WOUld expect it to be obscured 'tJy 

the nearby very intense group. The indication of the still-lo"Wer-enetgy 

ground state does not come from these alpha data, but "Will shortly be 

discussed. 

Six of the observed gamma-ray transitions can immediately be placed 

in this basic scheme. The two Ml-E2 transitions at about 70 keV (Table III) 

fit very well as the lowest rotational transitions in t"Wo of the bands. 

The low intensity of these lines is consistent 'With the fact that ~95% 

of the alpha decay goes to levels belo"W these transitions. The stronger 

of these t'WO transitions, at 70.4 keV, is placed follm·ling the larger 

alpha population, i.e., bet"Ween the x + 120 and x ~- 50 keV levels. 

... 

t 

• 
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The "Weaker then connects the x + 133 and x + 63-keV levels. The 

intensity of these lines, both relative to each other and in an absolute 

sense, seems correct for these placements, and, of course, the Iv1l-E2 

character is that expected for such rotational transitions. Similarly 

the 81- and 85-keV gamma. rays can be placed as the upper rotational 

transitions in these bands. In this case the alpha energies suggest 

that the 85.1-keV transition goes in.the x + 50-keV band, and the 

80.8.-keV transition goes in the x + 63-keV band. The 150-keV line 

observed in the gamma-ray spectrum probably consists mainly of the cross-

over rotational transition in the x + 63-keV band 'With some possible 

contribution from the (5-keV higher-energy) crossover transition in the 

x + 50-keV band. 

The 63-keV gamma ray fits bet"Ween the levels of energy x and 

x ·+ 63 keV. This transition must be El since no conversion electrons 
i 

could be observed (Table III), and assuming a nornml El conversion 

coefficient, the total transition intensity of ·-;::j.Oojo is in good agree-

ment "With the total population of the band based on the level at x + 63 

keV (2.8ojo). This placement of the 63-keV transition implies that the 

38-nsec lifetime associated 'With this transition belongs to the x + 63-keV 

level, but, of considerably more importance at this point, it also implies 

that the x-keV level is not the ground state, because the 29-J..lsec delay 

-was found .to follO'W the 63-keV transition. Thus, either the level at 

x keV or, some lo"Wer level must have this 29~J..lsec lifetime and the former 

(simpler) possibility turns out·to be consistent 'With all our data. 
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Considering now the band based on the x + 50-keV level; we find 

that -;;:.96% of all the alpha decay populates this band, and therefore 

all the intense transitions must be associated with its depopulation to 

the ground state. The 2.3 ± 0.4 L vacancies per alpha disintegration 

observed suggests there are two transitions converted in the L shells 

that deexcite the x + 50-keV level. One of these was shown to follow 

the 29-~sec delay, and one was found to precede it. Since we have 

tentatively assigned the 29-~sec delay to the x-keV level, this means 

that the decay of the x + 50-keV level must also pass through the x-keV 

level. A look at Table III shows that the two L-converted transitions 

involved here must be the 42.6-keV Ml-E2 and the 35·5-keV M2 transi-

tions. Only these have intensity of order 100%. Neither of these is of the 

appropriate energy (50 keV) to connect the x and x + 50-keV levels 

directly, so a third heretofore unobserved transition is required. How
l 

ever, 42.6 keV is very near the expected energy of the rotational transi-

tion connecting the x + 43~keV and x-keV levels. Its Ml-E2 char-

acter also suggests such an assignment. This would indicate .that the un-

observed transition is one of some 7 keV connecting the x + 50-keV 

and x + 43-keV levels, and such a transition would,_ indeed, have escaped 

our detection due to its low energy. The 213 ~sec lifetime would then 

belong to the x +.50-keV level. The transition deexciting the level at 

x keV becomes; in this case, the one of 35·5 keV, and its M2 character 

is consistent with the 29-~sec lifetime of this level. As it is not 

necessaryrto assume further complication, this transition can populate 

directly the ground state, and the energy, x, in Fig. 10 becomes 35·5 keV. 

.. 

.. 
I 
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The only important feature not included here is the 34.4-keV transi

tion, and its placement -will later be sho-wn to fit into this scheme. 

We believe this is the simplest scheme accounting for the observed data, 

apart, of course, from the very -weakly populated, higher-energy excited 

states. 

Since the placement of the 63-l~ev transition is quite important, 

particularly in establishing the x (35·5)-keV level as the one having 

the 29-~sec lifetime, an eA~eriment specifically designed to check its 

placement -was made. This consisted of observing on a solid-state detector 

the alpha groups in coincidence -with the 63-keV transition. The 

statistics -were rather poor, but groups at 6.42 and 6.35 MeV -were 

clear, in a relative abundance of 1.0 and 0.4, respectively. Both 

the energies and intensities are in excellent agreement -with the first 

two members of the x + 63-keV band, as the scheme in Fig. 10 requires. 

We might note that even if an error in alpha energy calibration occurred, 

such that the two levels could be the members of the x + 50-keV band 

(13 keV a-way), the relative intensities -waul~ be in total.disagreement 

with this band. The 63-keV transition appears, therefore, to be cor,. 

rectly placed in Fig. 10. 
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B~ Spin Assignments: 

A complete level scheme based on the conclusions of the preceding 

section is shown in Fig. 11. Included here are also spin, parity, and 

Nilsson level assignments, all of which will be developed in this section. 

We '~ill consider first the spin assignments of the lower bands. This 

will be done in two parts; the first, a brief discussion of plausible 

spins independent of the expected states, and the· second, a detailed 

comparison of the observed bands with the expected bands. The result, 

we believe, is a set of rather unambiguous spin assignments for the lowest 

four bands. 

· The ground state of Bk250 has been assigned 2-, 2 in order to 

account for the beta-decay properties
4 

of this nucleus to Cf25°. With 

this assignment, the 34.4-keV Ml-E2 gamma ray, unplaced in the last 

section, can be placed as the rotational transition deexciting the first 

.. member of the ground band. The population of this proposed (3-, 2) state 

must be via an unobserved. 1.1-keV El, M2, or mixed transition from the 

35-5-keV level. The pure M2 crossover transition from this 35-5-keV 

level to the ground (2-, 2) state, suggests spins 0+ or 4+ for it, 

and the branching to the 3- member of the ground band makes 4+ the 

reasonable. choice. Since the 63-keV transition is El, the 99-keV 
I 

level must then have spins. 3-, 4-, or 5-, and the lack of any observed 

population of the ground-band 2- or 3- states, in spite of the 38-nsec 

half life of this level, makes 5- the most likely assignment. The ' 

78-keV level, as the first rot~tional state based on the 4+ (35.5-keV) 

level, should have spln and. parity 5+. Since the 86-keV.level has 

a half life of 213 ~sec, it is unlikely that the 7-keV transition, 

' 
II I 

l I 
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which connects this level with the one at 78 keV, has a multipolarity 

higher than two. The spin of the 86-keV level would then lie between 

three and seven, with the parity unknown. However, the lack of any 

detectable transition to the 4+ (35·5-keV) level rather strongly sug-

gests a spin larger than 5 (or 6 if the 7-keV transition has L=2). 

Thus the 86-keV level probably has spin 6 or 7. These assignments 

are obviously only probable ones, based solely on the interband transi-

tions and the previous 2-,2 ground-state determination. In the rest 

of this section we will compare in detail the properties of the expected 

bands in Bk25° with these assignments. 

We will first construct a hypothetical level scheme for the odd-

250 odd nucleus, Bk , from the properties of the appropriate odd-mass 

nuclei. This constructj_on is based on the assumption of nearly complete 

independence of the two odd particles. That such a treatment works so 

well is one of the most surprising conclusions coming from the studt:of 

odd-odd nuclei. Fortunately, two nearby appropriate odd-mass nuclei f 
Bk249 and cf251 (having the same odd proton21 and neutron, 3 respectively, 

as Bk25°), have been well studied. Their pertinent intrinsic levels 

are shown in Fig. 11 along with the energies of the band heads and the 

rotational constants. Our method of constructing the properties of the 

odd-odd nucleus will be illustrated using the ground states of 

and Cf251 . The set of predicted levels and their properties is given 

in Table .V. The ground states of 
249 ' 251 Bk and Cf have K7r values of 

7/2+ and 1/2+, respectively. These can be combined to give states wit,h 

K values of 4+ and 
22:, 

3+, of which the Gallagher and Moskowski rules f: 
would predict the 4+ to lie lower. We do not gues$ as to the splittifig 

I 
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of these levels (50-100 keVin most cases kno~n); but in Table V, at 

the intersection of the column and r~ for the 7/2+ and 1/2+ states, 

both levels are listed, ~ith the level expected to lie higher (3+) in 

parentheses. The predicted energy for the lo~er level ~e take as simply 

the sum of the energies of the band heads in the odd-mass nuclei, zero 

in the present case. The expected value of h2/2~ for these bands 

(presumably equal) is obtained by adding the values of 2<;Jjti
2 for the 

appropriate bands in the odd-mass nuclei and then stilitracting the value 

from the appropriate nearby eve~:-even nuclei. This is discussed further 

in Sec. III.F. Higher-order corrections, such as B, the coefficient of 

the r2 (I+l)2 term in the rqtational-energy equation, are considered 

later in Sec. III.F. 

We also can estimate the alpha population to some of the various 

bands in Bk250 , due to the fortunate circumstance that the alpha emit

t.ing state in Es254 is very likely a K71' :::: 7+ level composed of the 

7/2+[633 t] proton state and the 7/2+[613 t] neutron state. It is just 

these particular proton and neutron states that are assigned as. the 

253 255 ground states of Es and Fm , -whose alpha decay have been studied 

and provide the above-mentioned information on the levels in Bk249 ;nd 

Cf251 . Thus, alpha decay hindrance factors are kno~n for each of the 

bands in For the odd-odd nucleus, in cases ~here one 

particle r,emains unchanged, ~e will assume that the hindrance factor is 
) 

simply thf product of the appropriate t~o odd-mass hindrance factors; 

one being for favored decay (particle unchanged) and, the other generally , 
' . p 

being fo,r unfavored decay (particle changed). Two q~alifications must ·' 

be made to this proposal. First, hindrance factors b~t-ween states -where?; 
I 

• 

. . 
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both particles 'change or where the relative orientation of the proton and 

neutron change, cannot be estimated other than to guess that they will be 

quite large. Second, rather than introduce at this point a discussion of 

alpha L-waves (considered in Sec. III.E), we will simply take as repre-

sentative of each band the state having the lowest hindrance factor. The 

error introduced by using this particular state should generally be rather. 

small and rarely, if ever, exceed a factor of two. For the Kn = 4+ and 

3+ states we are considering, no hindrance factor is predicted for the 

3+ state because the Kn = 7/2+ and 1/2+ neutron states are oppositely 

orient.ed in the parent and daughter relative to the unchanging Kn = 7 /2+ 

proton state. A hindrance factor of 1.93 (proton, 7/2+ ~ 7/2+) times 

390 (neutron, 7/2+ ~ 1/2+) or 750 is predicted for the 4+ state. In 

Table V we have summarized the estimates of energy, values of ~2/2~, 

signs of B, and alpha decay hindrance factors for all levels based on the 

lowest two proton states in Bk249 and the lowest two neutron states in 

Cf251. 

We will now compare the properties of the observed bands in Bk25° 

with those estimated in Table V. First, the ground band of Bk250 has the 

following observed properties: E=O, ~2/2~ = 5.73, (for K=2), alpha 

H.F. ~ 1.3 x 105, and suggested spin and parity 2-. The agreement with 

the theoretical 2- state composed of the l/2+(620t] neutron and the 

3/2-[5~lt] proton is, in all respects, excellent. The other .possible 

assignmentis the 2- state based on the 3/2-[52lt] proton and the 

7/2+[613t] neutron. This assignment would be poorer with respect to the 

predicted energy by over 100 keV and in flat contradiction to the 

Gallagher-Moszkowski rule, which says the 5- band should lie lower than 

this 2- band. The former assignment, then, seems clearly indicated. 
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The band based on the 35·5-keV state has: E = 36 keV, 

2 n·/2~ = 4.26 (forK= 4), alpha H.F. = 1300, and proposed Kn value of 

4+. The agreement with the theoretical 4+ band based on the 7/2+(633t] 

proton and the l/2+[620t] neutron, is good. In particular, the unusually 

small predic~ed value of n2/2~ (associated largely with the 7/2+[633t] 

proton state) is remarkably well borne out in this band. For the band 

based on the 99-keV level, we find: 
2. 

E = 99 keV, n /2~ = 5.8 (forK= 5), 

alpha H.F. = 140, and the proposed spin and parity were 5-· Again the 

choice from Table V is clear; the Kn = 5- band composed of the 

3/2-[52lt] proton and the . 7/2+[613t] neutron. The agreement is as good 

in this case as for the two previous bands. We consider finally the band 

based on the 86-keV level. This band obviously received the favored 

alpha decay, and therefore is expected to have the same configuration as 

254 the parent, Es • It is, in fact, on the basis of the properties of this 

band that the parent is presumed to be the 7+ configuration used in\) 

estimating the alpha hindrance factors. We find for this band: E = ;i6 keV, 

2 
h /2~ = 5.03 (K = 6) or 4.40 (K = 7), alpha H.F. = 2.89, and probable K 

values of 6 or 7. The assignment as the Kn ~ 7+ state made up of the 

7/2+[633t] proton and the 7/2+[613t] neutron is rather clear. One might 

consider the Kn = 5- assignment (p = 3/2-(52lt], n = 7/2+[613t]) for 

both this state and the 254 Es parent; however, the observed gamma-ray 

deexcitati6n pathway would be difficult to explain on this basis, and also 

the 2- i~stead of the 4+ band should have received alpha population in 

this casei· 

·-
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The close correspondence between predicted and observed properties 

of these lowest four bands in Bk250 is ~uite remarkable. This agreement, 

together with the independently established level scheme and proposed 

spins, makes the assignment of the levels, in our· opinion, essentially 

certain. Furthermore, it indicates that the odd proton and neutron really 

must behave essentially independently of each other. In the next few 

sections, we will first discuss the assignment of the higher states and 

then examine in more detail some of the properties of the bands. 

C .. Higher-Energy States 

There are a considerable number of low-energy alpha groups, some 

of which are tentative, populating levels that.lie around 400-600 keV 

in Bk25°. There are also a number of gamma-rays observed in this ge_J1~ral 
. :: ~·· 
,~.,.. .. 

energy region that undoubtedly deexci te these levels. However, there~,:}.s 
;··~ 

not enough information to determine unambiguously which gamma rays dee~cite 

a particular level. Thus, while we will discuss briefly the most prominent 

features of this region in the following paragraph, we have not included 

this information in_ Fig. 11. 

The two low-energy alpha groups of outstanding intensity are those 

of energies 6.113 and 6.056 MeV. The larger of these, at 6.113 MeV, 

is very near the cr252 energy, but a limit placed·on the spontaneous 

fission de¢ay rate of the sample shows that most of this group cannot be 

.cf252 . · T:qese two groups define levels in Bk25° at 414 and 4 72 keV. 

The alpha' spectrum in coincidence with gamma rays of ehergy greater than 
i \ 

275 keV 'was measured with a solid-state counter. The!, observed peaks 
I . 

_,. 
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-were at energies of 6.11, 6.07, and 6.00 MeV, in relative intensities 

of -1.0 0.5 : 0.1, respectively. The first t-wo of these are in reasonable 

agreement -with the levels just discussed, and the third suggests a level 

at 527±20 keV in Bk25°. One can speculate that these levels comprise 

a rotational band, and it is possible to place some of the observed higher-

energy ganuna rays as deexciting these levels to the lo-wer bands, in par-

ticular the strongest t-wo gamma rays at 316 and 304 keV may connect 

the 41~- and 472-keV levels -with the 99-keV, 5- band. Ho-wever, a 

consistent and convincing pattern of deexcitation cannot be established, 

and thus -we can say very little about the nature of these higher levels. 

D. Gamma-Ray Transition Probabilities 

Three of the observed interband transitions have lifetimes suf-

ficiently long to be easily measurable. In each case it is of interest 

to compare the observed lifetime -with the single-particle estimate and, 

especially,_ -with -whatever may be kno-wn about the analogous transition in 

the odd-mass nuclei. 

Considering first the 35·5-keV M2 transition, -we find the partial 

half life of the 4+ level for decay by this transition to be 41-~sec 

(including conversion). This is hindered by a_ factor of about 30 over the 

single-particle estimate .6 According to the assignments previously made 

(see Fig. 11 or Table V), this transition involves no change in neutron 

state, but a change in proton state from _ 7 /2+[633 t] I to 3/2-[52lt]. 

In Bk24~ this same transition occurs in the opposite direction -with an 

of 8.8 keV and a half life of 0.3 msec. 21 The 35.5-keV energy 

i 

,, 

.. 
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from the above In = Kn 7/2+ level. The mixing of these two levels can 

introduce·small amounts of the collective E2 transition probabilities 

between these two bands, and this was thought to be responsible for the 

relatively strong E2 transition. In Bk25° there is no such accidental, 

close coincidence of the I = 7 levels in the two bands, and, correspondingly, 

the E2 transition probability is lower by over two orders of magnitude. 

This is quite consistent, and even lends considerable support to the above 

interpretation of the situation in Cf251 .. 

According to our assignments, the 63-keV El transition involves 

a change of both proton and neutron states. Such transitions are, of 

course, strictly forbidden on a simple single-particle picture and can have 

no direct analogue in the odd-mass nuclei. This transition is hindered by 

a factor of about 105 over the single particle estimate; however, this 

is hot an especially large hin.drance .factor i'or an El transition in this 

reg'ion of the periodic table. In fact, as we will discuss in the next 

paragraph, it is not so easy to account for the strength of tbis transition.· 

It is interesting to note that the population of the Kn = 2- and 7+ bands 

from the deexcitation of this Kn = 5- band can be estimated rather simply. 

The (unobserved) K-forbidden E2 transition from this In = Kn = 5- level 

to the' 34.4-keV, 3- member of the Kn = 2- band is, in single particle 

terms, exactly the same transition as the 7-keV E2 between the In.=KTI = 7+ 

level and the 5+ (78~keV) member of the Kn = 4+ band. Correcting the 

.. 

lifetime of the ·7-keV transition to the 65-keV energy difference between ~ 

the 5- and 3- levels, we obtain a half life of about 50 J.LSec or a 
,. 

branching of about 0.1% to this level. Similarly the (unobserved) 

14-keV, M2 transition connecting the In = Kn = 5- level with the 

.I 
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In = Kn = 7+ level is analogous to the observed 29-~sec M2 transition; 

\ 

from this lifetime a branching of 0.02% to the 7+ level can be estimated. 

Both of these branchings are well below our limits of detection, so that 

our failure to observe either is consistent with the expected transition 

lifetimes. 

The problem in accounting for the strength of the 63-keV El 

transition can be summarized as follows. The proton must change states 

from 3/2-[52lt] to 7/2+[633t] simultaneously with the neutron change 

from 7/2+[613t] to l/2+[620t]; and the former change (in the reverse 

direction) alone, is at_least an order of magnitude more hindered than the 

63-keV El, as evidenced by the 1.1-keV transition from the 4+ level to 

the 3- (K = 2) level. The obvious solution of introducing admixtures of 

states to account for the El strength does not seem immediately attractive, 

since El transitions in the nearby odd-mass nuclei are not.appreciably 

faster than the one under consideration. On the other hand, the inter-

action of the odd neutron and proton can introduce admixtures that have 

no analogue at all in the odd-mass nuclei. Such an admixture, for example, 

could be of an (unobserved) Kn = 5- band composed of the 7/2+[633t] 

proton and a : 3/2-[752~) neutron, into the 99-keV, Kn = 5- band. The El 

transition would then represent the change- of this new 3/2- neutron into 

the l/2+[620t] neutron, leaving the proton unchanged, The 3/2- [752~] 

neutron we chose in this illustration should lie rather near the observed 

neutron states in Cf251 according to Nilsson's calculations. 23 This 

particular state may not be of great importance in this case, but the 

point is _.that as one goes higher and higher in the N = 7 shell, there 

will be Kn = 3/2- levels having larger and larger El transition probabilities 

~--------------- --------~ 
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to the l/2+[620t) state, and the proton-neutron interaction may be a 

rather effective way of admixing these levels·into the ones of interest. 

This El transition represents the only example in 
250 Bk where a simple 

analogy to the odd-mass nuclei seems inade~uate, and the above explana-

tion is at least one way that might account for it. The transition 

probability o~·this El is ~uite small (10-5 s.p.) and therefore pre-

sumably more subject to change due to small differences in ad.rnixed. states 

than are the other transitions discussed. 

E. Alpha Transition Probabilities 

Alpha decay transitj_on probabilities for. specific alpha groups can 

be·described by the ratios of the experimental partial alpha half lives 

to'the half lives calculated from simple spin-independent alpha decay 

. 24 25 
theory. 1 . These ratios, usually called hindrance factors, have values 

of ,.,.1 -? 3 for odd-mass emitters if the parent and daughter. states have 

the same configuration, If these. configurations are different, ho,.,ever, 

the hindrance factors are usually substantially larger.· 

Like the odd-mass nuclei 1 the odd-odd nucleus Am 242m a.lpha decays1 

to a daughter state having the same configuration as the. parent, and the 

hindrance factor·is close to unity. Thus by analogy we would expect the 

254 6.437 MeV group of Es , which has t~e smallest hindrance factor, to 

populate a state with the same intrlnsic. structure as· the parent, We 

should then be able to calculate' the alpha intensities to the other memoers 
I i!. 

of the rotational band based on this state, as has been done for odd-mass 

I 
/ 
I 
'i 

.i 
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emitters26 and A 
242m 1 

m ' simply from the hindrance fa.ctors from adjacent 

even-even nuclei and various Clebsch-Gordan coefficients. A. weighted 

average of 

hindrance factors for the various L waves of 1 : 3.8 : 37 for 

L = 0 : 2 : 4. The calculated intensities are compared with the experi-

mental values in Table VI and the agreement is reasonably good although 

it is not very sensitive27 to the value of K. Even the discrepancy in 

the ratio of the intensities to the second and third members of the band 

has the same magnitude and sign as found for odd-mass3 alpha emitters and 

for A 242m m . This discrepancy has been presumed to be due to coupling of 

the outgoing alpha with the nuclear quadrupole 28 The intensity wave moment. 

to the spin 10 member appears to be unusually high. This may also be 

due to quadrupole coupling or to misassignment of the alpha group. 

One can also calculate the relative alpha populations to various 

26 members of a given rotational band for the hindered alpha decays to. 
I 

states having a different intrinsic configuration. These are just a fUnc-

tion of Clebsch Gordan coefficients and the hindrance factors for the ~lpha 

waves, (HF
1

) populating the band as given by the equation, 

The HFL are used as arbitrary parameters, which are determined by normal

izing two of the intensities, a~d can be compared directly with HF1 from 

correspon4ing transitions in odd-mass nuclides. The calculated results for 

the alpha: decay to the K7T' = 5- and 4+ bands are sho.wn in Table VII. 
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For the 5- band, there is good agreement bet-ween the calculated and 

experimental alpha population to the spin 7 state. The total population 

to the band can be interpreted as an L = 2 alpha -wave -with a hindrance 

factor of 67 and an L = 4 wave with a hindrance factor of 160. These 

correspond with the values, 32 and 230 respectively, found in the 

21 alpha decay of Es253 to the K~ = 3/2- state in 

For the 4+ band, there is likewise good agreement between the 

calculated and experimental alpha population in the spin 7 state. The 

total population to the band can be interpreted as an L = 4 -wave with 

a hindrance factor of 570 and an L = 6 wave with a hindrance factor of 

600. These transitions correspond to the alpha decay3 of Fm255 to 

Krr = 1/2+ rotational band. In this latter case only the value of HF4 

.was measured. It was found t·o be 160, about a factor of 4 smaller 

254 • than the Es value. In general, the agreement between the alpha transi- · 

tion probabilities for the various alpha -waves from Es254 and the cor

responding values for odd-mass nuclei ·is considered to be q_ui te good ~ven 
~ 

though deviations as large as a factor of 4 are observed. 
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F. ·Rotational Spacings 

We have estimated the moments of inertia for rotational bands in 

odd-odd nuclei in the following way. -We assume that the addition of a 

neutron (proton). in a particular Nilsson state to an odd-mass nucleus in 

a particular proton (neutron) Nilsson state would increase the moment of 

inertia by the same amount as in the addition of that neutron (proton) 

to an even-even nucleus. It is seen that the roles of neutron and proton 

are interchangeable. As seen in Table V the estimated rotational con

stants fl
2/2':J agree with the experimental values within 2ojo. Similar 

accuracy has been obtained in the estimation of rotational constants for 

238 248 Np and Bk energy levels. 

The level spacings for the various members of a given rotational 

band would be expected to follow in the lowest order approximation (where 

K f l/2) an I(I + l) energy dependence. The level spacings resulting 

from such a dependence using the fl
2/2':J values calculated from the first 

two level positions are indicated in Tables VI and VII. This simple 

relationship is modified by higher order coupling effects to give an 

equation, 

2 
1'1 . ) 2 ( )2 E = 2';J I(I + l + B I I+ l + .•. + EIK 

where EIK is a decoupling term depending on the K value of the band 

and the spin, I. For the bands discussed in this paper EIK is of higher 

order than the term in B and will be ignored. 
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For most rotational bands in odd-A and odd-odd nuclei B will 

have a negative value as is found in even-even nuclei. This is presumably 

due to rotation-vibration interaction. Where strong Coriolis forces 

exist, however, as in the present case between the proton components of 

the i
13

/ 2 shell model state,. a positive contribution to B will be present, 

which can and should in the present case, outweigh the negative rotation-

vibration contribution. Thus, as seen in Table V for the 4+ and 7+ 

bands, whose proton component (7/2+[633]) is a member of the i
13

; 2 shell 

model state, B is expected to be positive. The other bands indicated 

in Table V have no components undergoing strong Coriolis interactions 

and hence are presumed to have negative B values. (Components of the 

neutron . j
15

; 2 shell model state would also be expected to have strong 

Coriolis interactions, but no low-energy excited states having these 

neutron components are expected in Bk250 .) It is apparent from the 

numbers in Tables VI and VII that the 7+ and 4+ bands do in~eed 

have positive values of B, and that the 

value, although it is nearly zero. 

i~., 

5- band probably has a neg~tive 
~.: 
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rl: CONCLUSION 

. 254 
All the states observed in the alpha decay of Es are those 

based on the lower-lying members (triplet states) of the doublets formed 

by coupling the proton and neutron single-particle states together. For 

the particular single-particle states involved in this nucleus, each 

high-spin coupling is the triplet, so alpha decay to these levels is 

enhanced by energy considerations, by spin considerations (Es254 having 

large spin), and by the selection rule on ~. 29 Thus, it is quite 

reasonable that no state involving singlet coupling was seen. Some 

information can undoubtedly be obtained on these by observing the alpha 

decay of 254m · Es , which, although it, too, is a triplet coupling.; would 

populate some of the singlet states by,virtue of its low spin. 

Although our formulated decay scheme is rather complex, much more 

information remains to be accounted for, particularly the weak gamma rays of 

Table r1 that depopulate higher-lying states and the alpha populations 

to these states. Further studies with more intense sources of Es25
4 

would certainly be o·f interest. 
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Table I. The activities present in the . Es254 source used for alpha 
spectro~copy; obtained from Fig:.l· 

Alpha energy 
(MeV) 

6.11 
6.28 
6.36 
6.44 

6.64 

7 .20? 

Nuclide 

Es 253' 

Fm255 

Fm2_54 

Half life 

360 y 

a 13.2 y 

380 d 

19·3 d 

"35, d"b 

"280 d"c 

Amount present 
(%) 

1.27 

10.7 

0.006 

0.001 

< 0.0002 

acf25° is gro-wing in, continuously as .·the granddaughter of Es254 ; 

therefore, its relative intensity .-will al-ways be increasing. 

bFm255 is in secular equilibrium -with its parent, Es255, and thus 

exhibits the half life of the latter. 

c 254 . 254 Similarly, Fm , if present, exhibits the half life of Es . 
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Table II. Data from the alpha spectra obtained by magnetic analysis. 

Alpha particle energy Intensity Hindrance Excited state energy 
(MeV) (%) factor (keV) 

6.52 :: 0.005 > 1.3 X 105 0 

6.486 ± 0.005 0.27 1. 7 X 103 
35·5 

6.437 ± 0.005 93·0 2.9 85·5 

6.424 ± 0.005 1.7 1.4 X 10 2 
99 

6.392 ± 0.005 0.13 1.3 X 103 131 

6.367 ± 0.005 2.9 43 155·9 

6.355 ± 0.005 0.74 1.5 X 10 
2 

169 

6.331 ± 0.005 0.05 1. 7 X 103 193 

6.284 ± 0.005 0.16 3.1 X ·10 
2 241 

j 2 :6.276 ± 0.005 0.22 2.1 X 10 249 

6.200 ± 0.010 a . 2 
.... 326 .... 0.05 .... 3.4 X 10 

\. 
: i:: 

2 • 
6.193 ± 0.010 "'0.05 .... 3.8 X 10 "'333 

-· 

6.113 ± 0.005 0.33 23 414 

6.056 ±'0.005 0.16 25 472 

8 This intensi t.y has been reduced 0.03% for a presumed contribution 

of cf249a0 . 

' '. 
1. 

• 
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Table III. Electron lines from . 254 _Es . 

Electron Sub shell Binding Gamma-ray Electron Transition 
energy energy energy relatj_ve intensities 
(keV) (keV) (keV) intensities a (%) 

9.18 LI 25.23 34.41 vw 

10.04 LII 24.34 34.38 M 

14.93 LIII 19.47 34.40 w 

27.81 MI 6.56 34.37 w 

28.22 Mrr 6.16 34.38 w 

masked MIII 

32.74 Nb 
I 1.58 34.32 vvw 

33.20 NII 
b 1.27 34.47 vvvw 

Best value 34.4 Ml-E2 .-v30 

10.24 LI 25.23 35.47 M 

-10.87 LII 24.34 ~35.2 vvw 

16.05 LIII 19.47 35.52 . MS 

28.95 MI 6.56 35.51 MS 

29.42 MII 6.16 35.58 MW 

30.54 . MIII 4.99 35.53 M 

33.80 NI 1.77 35.57 w 

34.32 NIII 1.27 35.59 vw 

35.15 OI' orr, 0III ~ 0.34 ~35.49 vvw 
Best value 35-5 M2 . ""'70 

17.36 LI 25.23 42.59 vs 

18.19 LII 24.34 42.53 MS-S 

23.18 LIII 19.47 42.65 MS 

36.17 MI 6.56 42.73 vs 

36.55 MII . 6.16 42.71 MS 

· :n. e;1 MIII 4.99 42.60 s 
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Table III (Cent). Electron lines from Es254. 

Electron 
energy 
(keV) 

41.02 

41.41 

Sub shell Binding 
energy 
(keV) 

1.27 

42.39 01, OII' OIII ~0.34 
Best value 

50.27 

63.51 

50.90 

63.90 

64.30 

~5.2 

55.60 

56.45 

~61.54 

59.90 

60.77 

~I 

LI 

LII 

LIII 

MI 

MII 

M 
III 

L 
I 

LII 

L 
III 

25.23 

24.34 

19.47 

6.16 
Best value 

25.23 

24.34 

19.47 

6.56 

6.16 

4.99 
Best value 

25.23 

24.34 

19.47 
Best value 

25.23 

24.34 
Best value 

Electron Transition Gamma-ray 
energy 
(keV) 

·relative intensities 
intensitiesa (%) 

42.60 

42.68 

~2.73 

42.6 Ml-E2 

~9·7 

~69.7 

69.74 

69.67 
69.7 (Ml) -E2 

70.38 

70.28 

70.37 

70.46 

70.46 

'::::.70.2 
70.4· Ml-E2 

80.83 

80.79 

~1.01 

80.8 Ml-E2 

MS 

W-MW 

MW 

vvvw 

vvw 

vw 

vvvw 

w 

MW 

MW 

vvvw 

vw 

vvw 

vvw 

vvw 

vvw 

85.1 vvvw 
85.1 vvvw 
85.1 (Ml-E2) 

100 

"'1 

<1 

<<1 

a 
W ==weak, S == strong, V ==very, M ==moderately. 

biJ:'hg . N1 ~rHi :N:n lira~~ wer~ te6 eloee tes~th~:E" to 'b~ r~(llo:tvtl!ci well.; !glil:iCtl1 

the lines were read from the high-energy edge, the two lines were given the 
NII position. Hence the . NII binding energy is used. 

f 

1 
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Table IV. Gamma rays from 254 E decay. 

Ey(keV) Intensity (%) 

.-...15 - 18 (L x rays) . 230a 

63 2.0 

104 (Ka: ) 1 

> 0.40 2 
108 (Ka: ) I 

..J 
1 

"'123 (K
13

's) 0.13 

150 0.02 

(233) 0.008 

249 0.025 

264 0.05 

278 0.03 

..... 285 0.01 

304 0.07 

316 0.15 ;j·•· 

>-.;'; 

342 0.009 

348 0.007 

377 0.015 1 

385 0.05 

aThis intensity ~as obtained by comparing the Es254 L x rays ~ith those 

of E253. The number represents L-electron vacancies rather than L x rays. 
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Table V. Properties of rota.tiona1 bands in Bk25°. 

-----_ Proton 
. ------·---states 7/2+[633t] 3/2-[521t] -----Neutron --~-----------------------------------------------------states i 

1/2+[620t] 

7/2+[613t] 

l/2+[620t] 

7 /2+[613 t] 

I 
! 
! 
' ! 
1 
I 

! 
l 

I 
! 
i 
i 
I 

I 
! 
i 
l 
! 
! 

I 
i 
I 

I 
i 
i 
J 
i 
I 

1 
~ 
~ 
I 
l ' . ' .) 

! 
·.i 
~ 
i' 
' { 

! 

I 
~ 
~ 
' r 
f 
I 

I 

Predicted properties 

K7T = 4+ (3+)···· K7T = 2- (1-). 

E = 0 keV E = 9 keV 

fl
2

j2C:.S = 5·67 ± 0.24 

· B = positive B = negative 

HF = 750 HF = large 

Kn = 7+ (0+) Kit = 5- (2-) 

E = 106 keV E = 115 keV 

f1
2

j2C:.S = 4~49 ± 0.01 keV fl
2/2C:.S = 5.90 ± 0.02 keV 

B = positive B = negative 

HF = 2.0 HF = 90 

Ecperimental properties 

Krr = 4+ 

. E = 35·5 keV 

f1
2

/2C:.S = 4.26 keV 

B = positive 

HF = 1300 

K7t' = 7+ 

E = 85.5 keV 
2 . 

fJ /2C:.S = 4.40 keV 

B = positive 

HF = 2.89 

Kn = 2-

E = 0 keV 

f1
2

/2C:.S = 5.73 keV 

B = ? 

5 
HF > 1.3 X 10 

K71' = 5-. 

. E = 99 keV 

2 
b /2C:.S = 5·75 keV 

B = negative 

HF ,;, 140. 

I 

.·1 

- ' 
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Table VI. Alpha decay to the K=7 band in Bk250. 
~ 

Excited-state I Calculated intensities ~~2 1~xperimentu1 

energy (keV) L=O 1=2 L=4 1: intensities 
Exp. Calc. L (%) 

85.5 85.5 norm 7 78.7 13.7 0.55 93.0 93.0 

155·9~0.2 
(norm) (norm) 

155·9 norm 8 2.83 0.41 3.24 2.9 

241.0~0.4 235.1 9 0.16 0.11 0.27 0.16 

-327 323 10 0.013 0.013 -0.05 

420 11 0.0007 0,0007 not observed 

... 
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Table VII. Alpha decay to the unfavored bands in Bk250. 

Excited-state I Calculated intensities (%) Experimental 
energy (keV) 1=3 1=5 intensities 
exp. Calc. HF == 67 5 

.HF
5

= 160 L: (ojo) 

K7T=5- band: 

99-0 99.0 norm 5 1.56 0.15 1.71 norm 1.7 

168.7±0.2 168.7 norm 6 0.57 0.17 0.74 norm 0.74 

249.5±0.3 250.0 7 0.10 0.09 0.19 0.22 

343 8 0.01 '0.02 0.03 <0.02 -
448 9 0.0005 0.0003 0.0008 not observed 

KTI=4+ band: 1=4 2 1=6 22: 
HF4= 5·7Xl0 HF6=6.0X10 

35·5 35·5 norm 4 0.24 0.03 0.27 norm 0.27 

78.1±0.1 78.1 norm 5 0.17 . 0.07 0.24 masked 

131. ±2 129 6 0.064 0.066 0.13 norm 0.13 

193 ±3 189- 7 0.015 0.037 0.052 0.05 

257 .. 8 0.002 0.012 0.014 <0.01 

334. 9 0.0002 . 0.0005 0.0007 ·a 

8 It seems unlikely that the 6.193 MeV a group with an intensity of 0.05% 

could be due to the group with a calculated intensity <O.OOlojo. 

-----·----- ..... 
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Figure Captions 

Fig. l. Alpha-particle spectrum from Es25
4 

source taken with a gold-

doped silicon alpha detector. 

-Fig. 2. Es25
4 

alpha-particle spectrum taken ~ith a double-focussing. magnetic 

spectrograph. Zero events are plotted at one-tenth. 

Fig. 3a. Gamma-ray spectrum taken in coincidence (100 ns) ~ith all alphas 

from The detector used for the gammas ~as a 3-in. X 3-in. 

Nai scintillation crystal. 

Fig. 3b. Gamma-ray spectrum taken in coincidence (100 ns) with all alphas· 

from Es25
4. The detector for gammas was a 1-cm diameter, 7-mm thick 

germanium (lithium-drifted) detector. 

Fig. 4. Time-to-height coincidence curve that determines the half life of 

the 254 63-keV gamma from Es · to be 38 ± 5 nsec. This curve was 

obtained by starting a time-to-height converter ramp ~ith pulses (single-

channel analyzed from a Nai detector) from the 63-keV gamma and 

stopping the time-to-height converter with alpha pulses (from a ZnS 

detector) that had been delayed electronically. 

Fig. 5· The time-to-height coincidence delay curve that establishes the 

longer delay in the L x rays to have a half life of 213 ± 8 ~sec. 

The curve was obtained by starting a time-to-height converter ramp with 

alpha pulses (Zns) and stopping it with L-x-ray pulses (single-channel 

analyzed from Nai). The raw data are plotted as open circles; the 

black circles show these corrected for channel width. 

Fig. 6. Delay curve obtained by starting a time-to-height converter ramp 

with alpha pulses and stopping it ~ith L-x-ray pulses. The total ramp 

sweep was 500 ~sec, with each channel being 3.41 ~sec. The points are 

shown corrected for channel width. 
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Fig. 7. a. Predicted intensity curves for a short delay (29 JJ.Sec) 

follo~ed by a long delay (213 JJ.Sec). Curve A sho~s the decay of 

the 29-JJ.sec activity, Curve· B shows the gro~th and decay of the 

213-JJ.sec activit~ and Curve C sho~s the sum of the t~o activities. 

A lo~ intensity (~%) prompt 29-JJ.sec component ~ould not alter Curve 

C noticeably. 

b. Predicted intensity curves for a long delay (213 JJ.Sec) follo~ed 

by a short delay (29 JJ.Sec). Curve A sho~s the decay of the 213-JJ.sec 

activity, Curve B sho~s the gro~th and decay of the 29-JJ.sec activity, 

and Curve C sho~s the sum of the t~o activities. A. lo~ intensity 

(~%) prompt 29-JJ.sec component fills in the initial dip appreciably 

as sho~n by Curve D. 

Fig. 8. Delay curve that establishes the half life of the shorter delay 

in the L x rays to be 29:·± l )lsec. ·The curve ~as obtained by 

starting a time-to-height converter ramp ~ith L-x-ray pulses.(single-

channel analyzed ;from Nai) and stopping it ~ith other L-x-ray pulses. 

The open circles sho~ the ra~ data; the black circles sho~ them 

corrected for channel width and with background subtracted; the 

horizontal bars give the corrected data averaged over five or ten 

channels. 

Fig. 9· Time-to-height coincidence delay curve that establishes the 63-

keV gamma is follo~ed by the 29-JJ.sec delay but not by the 213-JJ.sec 

delay. This curve ~as obtained by starting a time-to-height converter 

ramp ~ith pulses from the 63-keV gamma and stopping ~t ~ith L-x-ray 

pulses. Zero events are plotted at one-tepth. 

... 

lt 
! 

l 
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Fig. 10. Preliminary decay scheme for Es254 .. The numbers ~o the right 

on each line refer to alpha-group intensities. The energies (on the 

left) are relative to state with intensity 0.27% which is designated 

by an energy of x keV above the ground state. 

Fig. 11. The decay scheme of Es
254. 
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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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