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Abstract . 

The decay of 251 Bk has been .studied by radiochemical techniques. The· 

half~ life or (55.6 ± 1.1) minutes agrees with the literature. Relative intensities 

of gamma-rays, including previously unknown ganima"-rays at 129.9 keV and 

163.B.keV have been determined. The estimated absolute intensity of the 

gamma-ray at 177.7 keV is {5.2 t 0.6) %. The maximum beta energy has been 

measured to be {915 ± 10) keV and was used to determine the mass of 251 Bk. A 
,i. 

decay scheme based on these measurements is given. 

Keywords ,,_-

. RADIOACTIVITY 251 Bk [fl·om 248 Cm ( 180, X), E = '97 MeV], measured (rend

point, half-life, deduced I..,. 251 Cf levels. 
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1. Introduction 

Berkelip.m-251 was first observed.in the 8% alpha decay branch of 255Es. 1 

Recoiling atoms-from isotopically enriched sample~ of 255Es were collected and 

counted for gamma-rays and beta particles. The half-)ife of 251Bkwa~ measured 

to be (57;0 ± 1.7) minutes, and the be'ta endpoint energies of RJ .!.. and RJ 1 MeV 
. . . 2 . 

were e'stimate·a: Later experlmEmts~r'e's'tablishkd two gamma-:ays at 152.18'k.eV 

f.' • , ~ l, '' '•t ' ' < 'I ' ·' ~ , ' • • . ' •:. , , \ ~ 1 . • • '. . • ::f ' : ' : , , ! . , ' ' , 

and 177.7 keV with an intensity ratio of 0.38 to '1. From the decay scheme of its 

251 Cf daughter it is evident that these gamma-rays arise both from the ~+ . 2 

state at 177.7 keV. 251Bk has also been produced by beta decay of 251 Cm.3 ·The 

beta endpoint energy of 251 Bk was determined to be.RJ 1-MeV. 
: ) '. I ' ' • : ~ !' I ! • ' ' I 

In recent work by Lee et.al.4.5 the yields Of berkelium isotopes from.: 

transfer reactions of 160 with 246Cm were measured using radiochemical tech-

niques. The relatively high cross section(~ 24J.Lb) for the production of 251Bk in 
. ' I ; ' ' . ' ; ' 

this reaction made it possible to investigat.e further the decay of this nuclide. 
. ·' . . '?' ... \ · .. 

In the present work we.have measured the beta endpoint energy and relative .,, ' ·. ' . . . ' 

intensities of photons and electrons emitted in its decay: Furthermore, we have 
'. . ~.. . -~ . . . 

,{', 

estimated,ab.solute gamma-ray intensiti~s and ~t~ ground,state m~ss. defect. 

2. Experimental · 

A unifo.rm target of 560 J.Lg'/cm2 of 246Cm (97 mass·%) was electr~plated6 in 
.. . . . '· .'. . . :' . . i 

a 7 rnm·spot on a'2.5 mg/cm2 thickberyll1urri backiri'g.: The target wa~ irnidi-

ated4 with 1 to 4 electrical microamperes of 111 MeV 16 04+ at the 8B~inch Cyclo-

tron of the Lawrence Berkeley Laboratory for approximately 45 minutes. The 
• - ' • • • •• J • • • 

beam energy in the curium target wasr.ough~y 97 M.e V. R~coiling reaction pro-

ducts were collected in a 2 mg/cm2 gold foil. The gold foil was dissolved in aqua 

regia, and berkelium was separated and purified using a procedure given by Liu 

el.al.7 The final Bk fraction was evaporated and ignited on a platinum disk. The 
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time between the end of the irradiation and the start of counting amounted to 

about 40 minutes. The chemical yield was only about 20% but the samples were 

very clean and contained no activities other than the Bk isotopes. A somewhat 

faster procedure8 did not produce clean enough samples. 

The berkelium fraction was counted for photons and eleCtrons. The silmple 

was sandwiched between two pieces of 2 mg/cm2 polyethylene foil and was 

placed between an intrinsic germanium gamma-ray detector and a bela detec-

tor. The activity on the plate was facing the beta detector in order t? minimize 

degradation of the electrons. The germanium detector was calibrated with a 

mixed radionuclide standard, counted through each berkelium fraction after 

the reaction products had decayed. For the measurement of beta particles a 

gas-proportional counter with a thin window was used-in the majority of the 

experiments. In ·a few cases it was replaced by a plas~ic scintilla~or in order to 

measure beta spectra. The efficiency and energy .calibrations of these detec-

t~rs were performed with a set of standard beta reference .sources. The counl-

ing lime during the df:!cay of lhe berkelitjm fraction was partiqoned into several 

measurements., each of them being much shorter than the half-life of 251 Bk. 

The. dat~ were stored on magnetic tape for further processing. 

The areas of the gamma~ray peaks were computed and corrected for 

detector efficiencies using standard computer programs. Half-life and initial 

activity were determined wilh an iterative non-linear least-squares program. 

A multiple component decay analysis was performed ori the californium K 

X-rays and on the gross beta activity; including conversion electrons. ·The gross 

beta activity was determined with the proportional counter using a detector 

efficiency corresponding to the energy of the beta end~oint which was assessed 

as follows: Beta spectra were taken with the plastic scintillator at regular time 

intervals and were divided into energy windows {E0); the areas of these windows 
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were analysed as a function of time (figure 1}. Multiple component decay curve 

analysis was performed on each window using known half-lives of the berkelium 

isotopes in order to obtain the beta spectra of the individual nuclides. 

3. Results and discussion 

3.1. Hau-life of 251 Bk 

Decay curves of the gamma-ray peaks at 152.8 kEN and 177.7 keV ·are 

shown in figure 2. The errors include statistical uncertainties only. The 

weighted averag~ of seven separate determinations of the half-life is (55.6 ± 

1.1} minutes. This result is in agreement with the value of (57.0 ± 1.7) minutes. 1 

3.2. Relative intensities of photons and electrons 

T~o previously unknown gamma.i:rays in the decay of 251 Bk at 129.9 keV and 

163.B'keV were deduced from the gamma-ray spectra and the decay'analysis. 

The intensity ratios of the gamma-rays were obtained from a re-fit of the decay 

curves with a half-life for 251Bk of 55.6 minutes .. Relative K X-ray intensities 

were obtained from a three component (248Bk, 250Bk, and 251 .8k) decay;analysi.s 

of the californium K x:.rays. Since the Kp1 X--ray .and the 129.9 keV gamma-ray 

could not be resolved, the individual intensities were deduced from literature 

values for 251 Cf K X-rays.9 {See Section 3.4). The gross beta activity was meas-

ured with the proportional counter, ignoring the presence of conversion elec-

trons. Weighted averages of. the results are pres.ented in Table 1. The ')'153 / ')'178 

ratio of 0.385 ± 0.025 is cpnsist'e.nl with the decay scheme of 251 Cf. 10 . 
' . ~ ' ' . . ,. ' . 

3.3. Beta endpoint energy of 251Bk · 

Beta spectra of 250Bk and 251 Bk obtained by the procedure given in the 

experimental section are shown in figure 3. The background activity above the 

apparent endpoint energies of the spectra is an artifact of decay curve analysis 
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with fixed half-lives, with contributions from Bremsstrahlung and gamma-rays. 

The error bars are based on the fit of the decay data of each energy win-

dow (figure 1), and the data points are plotted at the energy central to the win-

dows. The endpoint energies shown in figure 3 are the results of least-squares 

fits at the endpoint regions of Ferrni-Kurie functions 11 after subtracting the 

background from higher energy regions. 

A beta endpoint energy for 251 Bk of (915 ± 10) keY is found. A very weak 
. " 

component with an endpoint .of {1130 ±35) keY is also observed, as seen in the 

Ferrni-Kurie plot in figure 3. The Qr-value predicted from systematics12 is 1120 
' 1' ' ,. • ' • • • 

keY. Most of the 251 Bk de, cays populate. the ~ [622] rotational. band., with only 

~5 % of the decays goi1,1g directly to the ground state. 

In order to check the accuracy of our procedure we determined the energy 
. . '• . . ' • . . ., . . ' • f 

of the two known beta endpoints of 250Bk. The upper endpoint in our measure-
.. : ·' ' ,. "(" 

ments is (1820 ± 35) keY, in agreement with the literature ( {1760 ±50) keY)l.3 , 
·>, • I 0' ''\ • • ' • ',> ' • ) ' 

and the Q~_-value of 1780 keY. 12 Our value for the second {3-de~ay branch of_ 
'1. ' . \, .. . " . 

(705 ± 20) keY also compares well with the values of (725 ±15) keY 13 and 745 

3.4. Estimation. of the abs~lute 1-ray intensities of 251 Bk 

The most important gamma-raytrans!t.io~s in the decay:~~heme of 251 Cf 

have values of 6J = 0,1 with no parity change. They are therefore of mixed M1 

and E2 multipolarity. From single-particle \!eissko~f14 estimates, llJ.e rate.of E2 

transitions in 251 Cf is given as 

and from Moszkowski's estimates 15 for M1 transitions, 
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giving 

= 4.6 x 10-2 E$ 

The single particle estimate of the admixture of E2 radiation in low energy 

gamina transitions in 251 Cf is negligible. However, most E2 rates are faster than 

those predicted from the single pa~ticle model due to collective rotational and 

vibrational enhancement. Examination of the 251 Cf level scheme gives some 

indication that the E2 rates are small in spite of this enhancement. 

The Bohr-Mottelson gamma transition rates for gamma decays to the 

different members of a rotational band t6 are related by 

'whe.re J1 a~·d K1 describe the total angular momentum of the final state and 

tha:t of its band head, ~ and K;. describe, the initial state and l:!.K = K1 - K;.. . 

Ignoring conversion of electrons for the moment, the E2 multipolarity intensity 
r 

for the transition between the 
2
5 + level at 211.6 keV and the .!..+ ground state 

. . 2 

should be 26 times that arising from the transition between the same ~ + level 

and the ~+ rotational level at 24.6 keY. Though the latter. photon is observed, 2 '' . ' . ', ·, ' ' ' 

the former is not, inconsistent with E2 multipolarity. ]IJ. M1 transitions, the 

l:!.J = 2, ~ + to ·~ + transition is forbidden. Similarly, the ~ + level at 177.'7-keV 

' 1 ' ' ·. ' ·, 3' ' ' ' ' ', 
decays to both the 2 + ground state and the 2 + state at 24.6 keY. If the pho-

tons arise from transitions of E2 multipolarity, the intensity of the 177.7 keV 

gamma ray should be roughly half as intense as the 152.8 keV gamma ray, 

rather than 3 times as intense; which is what is observed. The gan'lina transi-

lions in 251 Cf following 251 Bk decay .wil,l be t.re"tted as ·being of pure M 1 multipo-

larity in the calculations which follow. 
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Conversion coefficients as a function of transition energy and multipolarity 

and the nuclear charge are tabulated17·18 arid interpolation gives the data in 

Table 2. The relatively small size of the total conversion coefficient for the 

' ' . ' . . 

129.9 keV gamma transition indicates that the gamma ray intensity from this 

transition might be appre.ciable. Unfortunately, the: KfJ
1 

X--ray line (which con-

tains the small KfJ
3 

group) is at 130.8 keV 10, so no individual resolution was pos-. 

sible. However, the relative intensities of the·K X-rays can be predicted to.a 1% 

.,, 

The experimental ratios (Table 1) are 

( 63.3 ± 4.4) I 100.1 ( 52.7 '± 3.6 ·) I ( 11.3 ± 1.5) 

Only the Kp
1 

{ + Kp
3

) value deviates from the literature value. Subtraction of 

the predicted and measured values and using the data given in Table 1 yields a 

relativ~ intensity of ( 0.58 ± 0.12) for the' 129.9 keV gamma ray. Correcting . 

ob~erved' gamma ray intensities for internal conversion leads to relative depo-: 

pulation rates of the 177.7 keV level of 

R(177.7 keV) /R(152.8 keV) /R(129.9 keV) = 1/(0.57 ± 0.04) /( 0.35 ± 0.07). 

The rates expected for Ml transitions from the Bohr-Mottelson model are in the 

ratios 

R(.177.7keV}/ R(152:8keV)/R(129.9keV)=1/ 0.51/ 0.078,. 

The experimental and calculated depopulation rates for the 177.7 keV and. 152.8 

keV gamma rays match very well, but the 129.9 keV gamma ray is about 4.5 

times more intense than the calculated value. This is due to the properties of 

the ~+receiving state at 47.8 keV. 
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The 163.8 keV gamma ray also ter:minates at the 4 7.8 keV state and is 
. . . . ~ -

anomalously intense. The predicted ratio of in~ensities of the 163.8 keV gamma 

ray to the 186.8 keV gamma ray should be about 0.55. What is actually 

.. . 5: 
observed 19 is a ratio of about 19. Another anomaly involving the 2+ state at 

4 7.8 keV is in the alpha hindrance factors from 255Fm decay19• Decay to each 

member of the K = .!..+ rotational band from the .l+ 255Fm ground state must . 2 2 

proceed by l = 4 alpha emission by the K selection rules and parity conserva-

tion20
·21 . It should be expected that the hindrance factor to each member of 

the rotational band should be roughly the same large number. The hindrance 

factors for alpha decay to the ~ +, ~ + and .~ + levels in the ground state rota-

tional band are 4800, 2900 and 540, respectively10• Once again, decay to the 

~ + state is too fast. Coriolis coupling of some state with K > ~ to this state is 

effectively increasing its K, increasing the Clebsch-Gordan factor for gamma 

decays resulting in this state and decreasing the l-hindrance to alpha decay. 

The intensity of the 163.8 keV gamma ray to that of the 177.7 keV gamma 

ray is 0.060 ± 0.012. From data on the gamma rays accompanying 255Fm alpha 

decay, the relative intensity of the 186.8 keV gamma live is roughly 0.003. 

Correction of both gamma rays for internal conversion gives a transition rate 

for the depopulation of the 211.6 keV level of 0.68 ± 0.14 relative to that deplet

ing the 177.7 keV level of 17.2 ± 1.0 (from Table ldata). Remembering that 

approximately 5% of the 251 Bk decays to th;e ground state band qf 251 Cf, the . . 

population of th~ 211.6 keV level by 251 Bk decay.is approxima,tely 4% and that of 

the 177.7 keV level91%. The ratio of,the population of the 211.6 keV ~evel.to 

that of the 177.7 keV level is slightly higher than tl;lat arising from 251 Es 

decay 10
, which is expected since the decay energy is higher. An assignment of a 

value of { 90 ± 5 )% for the fraction of 251 Bk decays populating the 177.7 keV 
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level in 251 Cf seems to be justified. 

·f:. 

The absolute intensity of the 177.7 keV gal111'pa ray can be determined by 

taking into account the population of the initial state ( 0.90 ± 0.05 ), the frac-

lion of gamnia transitions going to the final state ( 0.521 ± 0.027, from Table 1 

data), and the total conversi~ri coefficient ( 7.95, fr6m Table Z ). This yields a 

value of 

. I..,,1?B = (5.2 ± 0.6)% . 

Based on our results and the preceding discussion we propose the decay 
'·. , .. 

scheme shown in figure 4 for 251 Bk. 

3.5. Mass excess Qf 251 Bk 

The beta endpoint energy of (915 ± 10),keV,lhe 177.7 keV gamma-ray and 

the.known mass excess of 251 Cf10 can be summed to give the .mass excess of 
' . . ' .. ; ·,. .' . ·. 

251 Bk. Its value of (75.220 ± 0.013) MeV disagrees only by roughly 30 keV from 

the literature value of 75.25 MeV which was deduced from systematics 12. This is 

an independent indication that the beta decay ~ith Emax = 915 keV of 251 Bk 

feeds the 177.7 keV level in 251 Cf. 
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Table 1. Relative ·i~tensiti~s of the emitted radiations from 251 Bk decay 

Cf Ka
2 

X-ray 2.02 ± 0.11 

-~ ... 

Cf Ka
1 

X-ray 3.19±0.14 

Cf K
111 

X-ray • 1.68 ± 0.09 

Cf K
112 

X-ray 0.36 ± 0.05 

153 keV 1-ray 0.385 ± 0.025 

164 keV 1-ray 0.060 ± 0.012 

178 keV 1-ray 1 

· gross p- activity ::::133 

• Including contribution from 129.9 keV 1-ray 
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Table 2. Internal conversion coefficients for M1 gamma transitions from 
251 Bk decay. Interpolation of data from references 17 and 18. ' '· 

Transition Energy 
-~t::' 

Electron Transitions depopulating Transitions depopulating 
Origin th~ 3/2+ state at 177.t;,keV the 5/2+ state at 211.6 .keV 

........ 

177.7 keV 152.8 keV · 129:9 kEN ·• 186.6 lfeV" 163.8 keV 

K shell 6.20 9.45 . 5.40 7.80 

L shell '1.33 2.05 '3.30 1.16 . . 1.68 

. M shell 0.32 '0.50 o;8o 0.29.' 0.41' . 

N shell 0.10 0.15 0.25 . 0.08 0.12 

~y· .. 

Total 7.95 12.15 4.35 6.93 10.01 
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Figure Captions 

1. Deconvolution of the beta energy spectra of the berkelium isotopes pro-

duced in the 180 + 248Cm bombardments. The intensities and spectra of 251 Bk 

are obtained by analysis of the complex decay' curves of each E0 energy window. 

2. Decay curves t>f the 177.7 keV, 152.8 keV and 163:8 keV gamma rays of 

251 Bk. The 163.8 keV data are fitted with a half-life of 55.6 minutes. 

3. Beta particle spectra obtained from the deconvol~tion of the composite 

berkelium beta spectra {see fig. 1). The indicated beta endpoint energie.s result 
' ... 

from.Ferml-Kurie plots as shown for 251 Bk. 

4. The decay scheme of 251 Bk. Gamma transitions are labelled with abso-

lute photon intensities. . \ 

\. 
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