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Half-lives of several states in neutron-rich nuclei from spontaneous fission GP°Cf
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Half-lives (T4/,) of several states which decay by delaygdransitions were determined from time-gated
triple y coincidence method. We determined, for the first time, the half-life of 330%ate in1%T¢ and the
half-life of 19/2 state in'33Te based on the new level schemes. Three half-livé$zit 134Te, and'®"Xe are
consistent with the previously reported ones. These results indicate that this new method is useful for measur-
ing the half-lives.
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Since the classification of delayedrays by Goldhaber the delayed 125.5 keY6,7] and 154.0 ke\{7] y rays were
and Sunyar[1], half-life (T;,) measurements of nuclear measured without knowing the mass number and level
states have been a major source of information on nuclegchemes. In the present work, we tentatively assigned the
deformations, shell structures, and validity of nuclear mod{reviously measured half-lives of the delayed 125.5 keV and
els. Previously, half-lives of several states in neutron-richt54.0 keVy rays to the states in**Te and'%Tc, respec-
nuclei have been determined by singler y-y coincidence  fively, for comparison with the present half-lives. _
relations for the delayed transitions emitted from the iso- _ 1N€7-y-y coincidence measurements were done by using
topes produced in the fission U, 23%Pu, 246Cm, and the Gammasphere facility with 72 Ge detectors arfd’af
252Cf, Most of the previous results were obtained from theSF source of strength-28 nCi at LBNL [S]. Several
coincidence measurement between heansition and the ~¥-Y-¥ coincidence cubes with different time windows[2]
fission fragment after fission. And some of them were obWere built for the three-fold and higher-fold data by using the

tained from the delayed time measurement ofghisansition ~ Radware formaf8]. That is, a time-gated cube will contain
following the 3 decay after fission. all triple-coincidence events fgr whlch all these time differ-
Usually, more than 100 isotopes are produced in the fisENCeS are less than the specified time value. o
sion of these heavy nuclei, with each isotope emitting many L€t Us consider a downward cascade consisting of
y rays. With such complex spectra, it is very difficult to Y3 Y2 %1~ transitions, wherey, is the outgoing transition
isolate a singley ray peak. Coincidences from other transi- TOM a state with long half-life ang, is the incoming tran-
tions with energies essentially equal to that of the transitiorp!tiOn INto the same state. Other higher states in this cascade
of interest can lead to significant errors in the half-life val-2'¢ assumed to have very short lifetimes. We set a double
ues. The triple coincidence method can reduce the error ag@t€ OnE,, andE, and compare the intensities of transi-
sociated with complexity of the ray spectra in spontaneous tOnS, % and y,, N(yo) and N(y,) in the spectra. In the
fission. Because several new nuclei and many new levels iRresent work,y;, y,, and ys, are in prompt coincidence.
the known nuclei have been identified in the spontaneoudherefore, the delay-time between and y; will be negli-
fission (SP) of 25%Cf, the present time-gated triph coinci- gible. Sincey, is the ending transition in this cascade, the
dence method is very useful for the half-life measurement§oincidence time windowt,) limits the TDC time difference
of nuclear states in neutron-rich nuclei. We applied thistio between they; and y, transitions, and the intensity(yo)
method, for the first time, to extract the half-lives of two observed from the state with the long lifetime. TN€yo)
states in%9%r [2]. Also, in the present work, five other intensity determines the fraction df(y,) intensity observed
cases, namely?zr, 133134rg 137Xe and'%®Tc are investi- from the state with the long half-life with decay constant
gated. Recently, the new level schemes'®fe [3,4] and  Therefore,N(vo)/N(y,)=C(1-e*w) can be applied in this
1081¢ [5] have been reported from the SF work BfCf.  case, wher€ is a constant.
Based on these new level schemes, the half-lives of InFig. 1, the partial level scheme &Te[3] is shown. In
1610.4 keV state in**Te [3] and 330.6 % keV state in'%Tc  this level scheme, we set the double gate on the 933.4 and
[5] are reported in the present work. Previously, half-lives of721.1 keV transitions to extract the half-life of the
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9H _5079.7 TABLE 1. Count ratios of R;=N(125.5/N(738.6, R,
516.082) =N(1150.6/N(738.6, andR;=N(1150.8/N(125.5 in 3%Te.
(80) §4563.7
ty (NS Ry R, Rs
549.7(4)
(25/2Y) 40035 (9) ¥4014.0 48 0.2217) 0.2498) 1.023)
72 0.2849) 0.3041) 1.043)
304,15i97 0 933.44(8) 100 0.33310) 0.37312) 1.123)
T ¥32929 300 0.64119) 0.66422) 1.013)
311.249 23/2~ 3070.1
#OR 20816 PHDJI 2322.0H10) 500 0.72922) 0.74525) 1.133)
738.6(10)
1046.4(15) @i Y3315 state in**%Te. In Fig. 3,N(1150.6/N(738.6 versus coinci-
[ dence time window(t,) for 33Te is plotted. The measured
10.1(9) ns— Y 1935.2 721.1#(29) half-life value (Ty5) is 10714) ns from the ratios of
316D 16011 aopmy $ 104 197(29),,5(63“)271?%.3 N(125.9/N(738.6 and 977) ns from the ratios of
400.176) 1020578 F125508 “hw.zamﬁdggg) N(1150.6/N(738.6. The average value of 104) and
o) _§1220.1 ' AR, TF7ig 97(7) ns is 10215) ns. Actually, the new level scheme of
1150.6(100) 133Te was published3], recently_. Previ_ously, fche delayed
’ 125.5 keV ray was observed without identifying the mass
1220.1(100 1279.1(100) number in the fission. Because the present half-lives of
a1/ A ﬁgs.m 107(14) and 977) ns are consistent with the previous half-
el Y o ¥ 00 lives of 1156]ns and 81.6l4) ns [7] [the delayed
13756 13376 e 125.5 keV transition time measurement from #éCf(SP

[6] and theZ3™U(n,f) and 2*%Pu(n,f) neutron induced fis-
FIG. 1. Partial level schemes &7Xe [9,10], 13Te [3,4], and  Sions[7]], the previously measured delayed 125.5 transition
134Te [11,12. # denotes the double gated transitions to extract thdS thought to belong td*°Te. The time difference between
half-life. Average half-life of 10215) ns is shown for'33Te. Rela-  the delayedy-ray and its fission fragment was measured for
tive intensities of gamma rays are given in parentheses. the half-life determination with time delay method in these
previous experiments. The long half-life of the 19 Rate is
1610.4 keV state. In Fig. 2, coincidence spectra with doublexplained by the difference in configuration between
gates set on the 721.1- and 933.4-keV transitionsife[3]  the 19/2  [7(1g7;0)%v(1hy1) ™Y and 21/2

are shown. In Table |, count ratios ofR;  [#7(1g7,)(2ds,)¥(1hy1,)7 Y] states as predicted in terms of
=N(125.9/N(738.6, R,=N(1150.6/N(738.6, and R; the shell model calculatiors].
=N(1150.6/N(125.5 in *°Te are shown. HereN(Ey) For 134Te, we set the double gate on the 2322.0 and

means they ray peak area without the efficiency and internal516.0 keV transitions above the 1692.0 keV isomeric state
conversion electron correction since these constant factomsith the coincidence time windows of 72, 100, 300, and
are included in the constant coefficie@tin the fitting for- 500 ns. The partial level scheme6fTe [11,12 is shown in
mula. As expectedN(1150.6/N(125.5 are nearly constant Fig. 1. By comparing the 549.7 and 115.2 keV transition
for 48, 72, 100, 300, and 500 ns time windows. This impliesintensities, we obtained the half-life of 1@0) ns. The half-
that the 1484.9 keV state has a negligibly small half-life.life of 175(6) ns was determined from the time measurement
Therefore, we can use both ratid$(125.5/N(738.6 and  of the delayed 115.2 keV transition emitted from the
N(1150.6/N(738.6 to extract the half-life of 1610.4 keV 23U(n,f) and ?**®Pun,f) neutron induced fissiongs]. The
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life of 94(10) ns is consistent with the previous value of
08 - 100(10) ns [6] obtained from the delayed 154.0 keV transi-
tion time measurement from th&°Cf (SP), the previously
07 r ?Saeﬁsured delayed 125.5 transition is thought to belong to
c.
g 06 - For 9Sr, we double gated on the transitions of 682.4
2 and 678.6 keV to compare the 427.1 and 204.0 keV transi-
£ 05 tion intensities in the coincidence time windowts,) of t,,
2 133T =8, 20, 48, and 100 ns. The partial level scheme®&r
:":’ 04 e [2,16 is shown in Fig. 4. The measured half-life of
=z T =97(7) nsec 556.1 keV state is 23(84) ns [2] which is consistent with
03} 1/2 the previously measured value of 24 ns for the delayed
204.0 keV transition time measurement from #f&J(n,f)
02} and 23%un,f) neutron induced fission studig$], and
A S S S P — 21[12] ns for the delayed 352.0 keV transition measured in
0 100 200 300 400 500 the 52Cf(SP) [7] and 21.811) ns for the delayed 352.0 keV

Coincidence time window(t) nsec transition measurement from tHéU(n,f) and 2*%Pun,f)

FIG. 3. (Color online N(1150.6/N(738.6 vs coincidence time neutror;7induced fissiofL6]. .
window (t,) plot for 133Te. The fitted half-life(T,,,) value (solid For °'Sr, we double gated on the transitions of 239.6
curve is 97(7) ns. See figures of Ref2] for 9597y, and 272.5 keV to compare the 205.9 and 522.7 keV transi-

tion intensities with the coincidence time windowf,) of

half-life of 196(7) ns was obtained from the 10.22%sb3. W= 100, 300, and 500 ns. The partial level schemé sk

decay[13]. Also, another half-life value of 164) was re- [2:17 is shown in Fig. 4. The measured half-life of

ported from the time measurement of the delayed 115.2 ke$30-8 keV state is 2627) ns[2] which is much less than the
transition emitted fron?S2Cf(SP) [14]. Our present half-life  values of 38211) ns[the delayed 522.7 keV transition mea-

value of 19720) ns is consistent with ong1967) ng| of ~ Surement in the*U(n,f) and *Pu(n, f) neutron induced
them. fissior] [6] and 51%15) ns[the delayed 522.7 keV transition
For 13’Xe, we double gated on the transitions of 311.3 Measurement from the?®®’Ci(SP] [17]. But recently,
and 304.1 keV to compare the 314.1 and 1046.4 keV transifeiffer (a co-author of Ref[17]) corrected their value of
tion intensities in the coincidence time windowts) of t, ~ 91515 ns to 25%10) ns[2,20] because of calibration error
=20, 48, and 72 ns. The partial level schemédKe [9,10] in data analysis. This corrected half-life is consistent with
is shown in Fig. 1. The measured half-life of 1935.2 keV Our valgge. -
state is 10.09) ns which is consistent with the previous For “Zr, we double gated on the transitions of 426.4

value of 8.14) [15] from the time measurement of delayed and 415.2 keV and compare the intensities of 142.5 and
314.1 keV transition in th&52Cf (SP). 130.2 keV transitions in the coincidence time windofiy

For 1%Tc, we double gated on the transitions of Of ty=100, 300, and 500 ns. The partial level schem&af
123.4 keV and 341.6 keV to compare the 154.0 and18,19 is shown in Fig. 4. The measured half-life of
125.7 keV transition intensities with the coincidence time252.0 keV state is 3188) ns. The previous value of
windows (t,) of t,=48, 100, 300, and 500 ns. The partial 37511) ns (the delayed 130.4 keV transition measurement
level scheme of%Tc [5] is shown in Fig. 4. Previously, the in ?(n,f) and***Pu(n,f) neutron induced fissior{6] and
delayed 154.0 keV transition was observed without identify-294(10) ns from y-vy coincidence measurement from t§e
ing the mass number in the fission. Because the present hafecay®®Y [18]. The measured half-lives are shown in Table
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TABLE Il. Half-lives (Ty, n9 of several stateéE,g, keV). E(y,)/E(ys) are the double-gated transition energies. ¥&r, E(y,)/E(ys)
andE(y,) are used instead. Half-lives of delaygedays without the mass identification were reported to be 110 ns for 154.0ykay [7]
and 115 ng6] and 81.6114) ns[7] for 125.5 keVy ray. The half-life of the 1610.4 keV state #i°Te is the average value extracted from
125.5 and 1150.6 delayed transitions.

Nuclei Eis E(y1)/E(y3) E(y,) E(yp) PresentT» Reference’sTy» ENSDF[21]
95y 556.1 682.4/678.6 4271 2040 2249 [2] 2416], 21[7], 21.811) [16] 21.715)
97sy 830.8 239.6/272.5 2059 522.0 2BH[2] 38211 [6], 25510) [20], 51515) [17] 51515)
997r 252.0 426.4/415.2 1425  130.2 348 294(10) [18], 37511) [6] 29310)
1087¢ 330.6+x 123.4/341.6 125.7 154.0 (20)

1331¢ 1610.4 721.1/933.4 7386 1255 1

134Te 1692.0 2322.0/516.0  549.7  115.2 (v20) 161(4) [14], 1967) [7], 1756) [6] 164(1)
B7xe 1935.2 311.3/304.1  1046.4 314.1 19)1 8.1(4) [15] 8.1(4)

II. Also, in Table Il, we show some previous measurementgory, and Idaho National Engineering and Environmental
to give a sampling of the scatter of those values along with_aboratory is supported by U.S. DOE under Grant No. DE-
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results indicate that this new method is useful for the half- G05-87ER40311 with University of Tepnessee. We ac-
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