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K. M. M. 8. AYYANGAR, V. LAKSHMINARAYANA axp
SWAMI JNANANANDA

LABORATORIES FOR NUCLEAR RESEARCH, ANDHRA UNIVERSITY, WALTAIR,
(Reccived January 15, 1965)

ABSTRACT. Tho half-lives of the first and second excited states (\f‘ Dy-160 aro
measured by tho delayed coincid thod. TFor this t, o time-1 3

converter 18 assemblod. 'With NuI(Tl) crystals on both the photomultipliers, a tesolving time
of 2.4ns with un intrinsic time resolution of 0.27ns is aclieved down to an onergy of 200Kev
‘The life-times of 2+ und 4+ lovols of Dy-160 are obtained ot T (2+)=1.94-40.097ns und
T4(4+)=(11.26£1.13) X 10721 sec. These values confirm those obtained by Li and Schwarz-

child, The results of the p t mvesligation are di d and found to confirm the predic-
tions of tho unifiod nuclear model.

INTRODUCTION

Recently Li and Schwarzchild (1963) have measured the lifetimos of 2+ and 4!
states in four different isotopes (including Dy-160) which belong to the strongly
deformed rogion. Their results have been found to be in agreement with the
predictions of the unified nuclear model (Bohr, 1952). Tho results obtained by some
of the workers, however, show deviations with the predictions of the unified model.
Theso deviations may be ascribed to those arising out of the measured lifetime
valuos. The recent developlent of the time-to-amplitude converters has enabled
the attainment of a better accuracy in the measurement of the lifetimes. Thesc
converters enable the attainmont of the time spectral data employing & multi-
channel analysor. This use naturally reduces ithe duration of the experiment
thereby rendering the minimization of the various systematic errors. The time-to-
amplitude converter which is already mentioned, is so modified as to match tho
characteristics of the NaI(T1) crystals employed in the present investigations
inorder to measure the lifetimes of the 2+ and 4+ levels of Dy-160.

EXPERIMENTAL ARRANGEMENT

The experimental axrangement in the present investigations involve two scinti-
lation heads arranged in triple coincidence. The scintillator-photomultiplier
assombly consists of a NaI(T1) crystal 4.45 cm in diameter and 2.54 cm in height.
Whenever the investigation involves the observation of beta-decay, an anthracene
scintillator (4.45 em in dimater and 0.32 em in thickness) is employed in the beta-
channel. The block diagram of the arrangement is shown in Fig. 1, The pulses
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Fig 1. Block diagram of the oxperimental sci-up.
S-—Sourco ; H.T.—High Tension; PMT—Photomultipher, L—Limitor; C.F.—Ca-
thode follower; TPHC-—Timo-to-pulse height convertor; A—Amplifier; PHA—
Pulse height analysier ; I—Tnverter ; T.C.C.—Triple coincidoneo cirewt;

from the anodes of the photomultipliers are transmittod to the limiters the outputs
of which aro so clipped as to obtain pulses of 80ns duration, which in turn aro fed
to the 6BN6 time-to-amplitude converter of the Groen and Boll (1958) typo.
The output of the converter is connected to the triple coincidenco erreuil via an
amplifier followed by an analyser. Tt may be pointed out that the pulsos from the
cighth dynodes of both the photomultipliers aro amplified, enorgy selected and
then transmitted to the triple coincidence unit, the output pulses of which are
recorded by means of a decade scaler.

The decay time of the NaI(T1) crystal is approximatoly 300ns. Honco only
a minute part of its pulse is applied to the converter inorder to achieve a goodl
time resolution by operating the photomultipliers at voltages upto 2400V. Tho
amplitude of the resulting pulse is of the order of 150V ospecially in the case of
o gamma component with an energy of 511Kev as given out by Na® annihilation
quanta, The arrangment of the fast pulse part of the convorter is shown in Tig. 2

« 180w
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in which the converter part is identical with the original one (Green and Bell 1958
In the present arrangement the limitors are of Special Quality Philips
E180F tubes operated at a plate potential of 150V. The limiter has & cut-off
value less than 2 volts at the operating conditions. The screen potential is so
adjusted as to obtain a plate current of 22mA. The clipper in the fast chanrel
is & cablo of the type AS48M with an impedance of 100 ohms, a capacitance
of 12pf/ft, and a delay of 1.2ns/ft. The distortions which may occur in the rising
and falling portions of the shaped pulses are eliminated by employing a fixed
delay of 40ns in both the chanunels of the converter. The valve 6BN6 is operated
at potentials of 20V and 10V to the plate and screen respectively. With theso
operating conditions, the pulses with one volt amplitudo can satdrate the plate
current, as the grids g; and g,, as shown in Fig 1, are held at negafiive potentials
of 0.7 and 1.0 volt respectively. Since the plate current of the limiter is adjusted
at 22mA, and the effective impedance of the clipping stub is 50 ohms (ob-
tained with 100 ohm terminating resistance in parallel), the pulsos have a height
of 1.1V, Tt may be mentioned that at these operating conditions of the 6BN6,
thora is an inheront delay of 5ns arising out of the transit time of olectrons from
grid g; to g,  Complete overlap of the pulses at g, is effected by inserting 35ns
cable in g; and 40ns in g, When two simultaneous pulses arrive at the two grils
of the 8BNS, a current flows during the time the pulses overlap. Since the plate
pulse is integrated, the charge accumulated on the plate is proportional to the
overlap time of the pulses so that the amplitude of the pulse obtained from the
converter is proportional to the delay between the two pulses.

The introduction of & fixed dolay of 40ns in both the channels affords a simul-
taneous comparison with the prompt coincidence curve. The slopes on the two
sides of the coincidence curve arise out of the jitter in tho time of arrival of the
pulses at the grid of the limiter. When the time jitter is symmetrical, tho prompt
coincidence curve is symmetrical in shape. With & measurable lifetime, the
delayed radiations are detected only in one of the counters hence the distortion
of the lifetime is imposed on only one side of the coincidence curve. The plot
of the delayed coincidence has a slope as expected for a prompt cascade being of
the same energies, whereas the other side has the slope corresponding to the lifo-
time. With the introduction of a delay of 40ns in both the channels the presont
arrangement has a useful range of 0-40ns. Tho negative output of tho convorter
is fod to a high gain linear amplifier through & cathode follower. A single channel
analyser which follows the amplifier is used 16 scan tho time spectra. The voltage
scalo of this analyser is calibrated in terms of time by observing the shift in the
centroid of the prompt curve for every 5ns decrease of the cable in one of the chan-
nels. The amplifier in the fast chanmel is kept in one of the two adjusted gain
positions corresponding to the calibration values of 0.909ns/volt and 0.426ns/volt
for the measurements in the nanosecond and sub-nanosecond regions. The prompt
ourve has resolving time of 2,4ns with slopes corresponding to half-lives of 0.27n8
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for energies down to 200Kev. For energies below 100Kov, the resohttion is noarly
Jns. With anthracene-photomultiplier assembly, the operating voltage is on]_;'
2000V. This reduction from 2400-2000V enables the limiting of the anode pulse
to 6-8%, of the amplitudo thoreby obtaining the best possible resohition, the resolv.
ing time in this case being 2.1ns with slopes of 0.26ns.  To test the accuracy of the
hfotimes of the excited levels in the isotopes under invostigation, the lifetimes of
the lovel with an encrgy of 81Kov of Cs-133 and the lovel with an cnorgy of 279 Kov
of T1-203 are observed and found to have the values of the half-lives as 6.09-0.3ns
and (2.894-0.14) X 10~1%ec respectivoly. These values aro quite in agreoment
with the results of the previous workers. In other words, the oft measured valuos
of the lifetimos of theso isotopes taken as standards are employed for testing
the vority of the lifetimes measured with the presont aquipmont

Determination of lifetime of the 2+ state of Dy-160.

Tho decay scheme of Th-160 is quite complicated as can bo soen from the levol
diagram (Ewan et al. 1961) givon in Fig. 3.  The figure indicatos most of the mtense
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Fig. 3. Decay schomo of Th-160 (Ewun et al)

transitions along with the percentage of intensitics. It can be scen that there
are seven beta groups and nearly twonty gamma transitions, hence the spectros-
copic measurements are difficult. It may be pointed out that the 2+ and 4+
stales have been identified as members of the K — 0 rotational band, whereas
the higher 2+ and 8+ excited states have been identified as those of the K =2
band resulting from olectric quadrnpole vibrations. The valuos of the half-lifo
for the 2+ level obtained by different authors are tabulated as given in Table T.

From this table I it is interosting to find that the values of (1), (4) and (5)
are in good agreement within the limits of oxperimental, error; of which those in
(4) and (5) are of relatively high precision, On the other hand, the results from
(2), (3) and (6) are at variance with one another. The rccently measured value®
2.059 which is given within & precision of 4-0.018ns, is at variance with all the
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TABLE T
Author and year Half-lifo (ns) Reference
1. F. K. McGowan (1965) 1.8 3.0.2 b
2, Berlovich ot al. (1962) 1.6 4-0.1 6
3. Rachtor and Wiegandt (1962) 2.2540.00 7
4. Tossan and Herskind (1963) 1.9240.05 8
6 1la and Bchwarzchild (1963) 1.9940.056 1
6. De Boer ot.al. (1963) 2 059--0.010 9
7. Elbok et.al. (1960) 2.24740 14 10

already mentionod values. Under these circumstances it is considered necessary
to reinvestigate the lifetime of the 2+ level using the cquipment developed for the
purpose, To study the devay schome, Terbium-160 is obtained in liquid form
a8 Terbium chloride with an intensity of 5.2mC. A small quantity of this liquid
is taken in a perspex tube and is mounted on the source mount situated symmetri-
cally betweon the two scintillation heads. Then the singles spectrum of Th-160
is recorded. The 87Kev transition being highly populated (nearly 689%,), is very
intense. Hence a gamma-gamma coincidence study is vory desirable for this
intense case. The gamma-gamma coincidence involves the record of counts when
the detecting units aro arranged at right anglos to one another and the crystals are
covered with 1 mm of lead to cut-off the characteristic X-radiation. The 87Kov
gamme component is chosen for observation by one scintillation head, the other
being biased at an energy of 600Kev so that those gamma photons feeding the
87Kov level are collected for coincidence. Tho resulting coincidence spectrum
is recordod as shown in Fig. 4. Each oxperiment is repeated thrice, the tolal
number of separate experiments being four. The resulting average half-life value
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Fig. 4. Lifetime measurement of the 2--level.
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obtained by least square fit analysis is 7', = 1.944-0.038ns. This error together
with the errors arising out of the instrument, calibration, and those arising out
of the measurement of the length of the cables comes to a total value of 59, so that
the correoted half-life may be written as T'y(2%) = 1.944-0.097ns which is not in
agrooment with somo of the listed values 9, 7, ®

Determination of the lifetime of the 4+ level of Dy-160

The 283Kov oxcited lovol of Dy-160 doxcites to the 87Kev level by & transi-
tion with an energy of 197Kev. The 4% lovel is of meagre population being only
5% in the decay of Th-160. This transition also involves to total conversion of
nearly 259, The transitions between the 1264 and 966Kcev levols as well as botween
1264 and 1049Kov levels give rise to conversion clectrons of intonsity comparable
to that of the above transition If the 765.2Kev transition be selected in one of
the channols and the 215-197 Kev transitions in the other, the hifetime of the 1049
Kov level may influonce the value of the lifetime of the 41 Tevel.  The upper lovols
have energics of large value and mostly are decaying by E2 transitions. Hence
the single particle ostimates prediot very short lifetimes (of the order of 10-12
wsec) for these levels. Therofore, thoy are not expocted to influonco the lifetimo of
tho 4+ lovel. The results of tho measurements on the lifetime of tho 4+ level
carried out by previous workers are tabulated as given in Tuble II

TABLE 11
Half-lhifo
Author Yoar (10-11 soc) Mothod Referonco
1. Burde and Rakavy 1961 _7. 564.0.76 éelf COmMpArENM 11
2. Berlovich ot.al. 1962 7 1040 90 Controwd shift 6
3. Li and Schwarzchild 1963 10.74-0.560 Slope 1

The first two mentioned values in Table I, though are in fair agrooment, differ
very much from the last one. The first result in the table is obtained by employing
two double lens magnetic spectrometers in coincidence along with a time-to--
amplitude converter. The second in the list employed a ceniroid shift method
for measuring the lifetime in the decay of Ho-160 in which the coincidences arc
measured between the upper gamma components and the conversion electrons,
The last mentioned data is obtained by employing a precision time-to-amplitude
converter having a slope of 4x10-11 sec along with a three crystal spectrometer.

In the present investigations an attempt has been made to measure the life-
time of the same level but with the equipment developed for the purpose. In
a cortain sense this unit is vory sensitive with high efficiency and with a good re-
solution. In experiments which involve beta-electron or heta-gamma coincidences
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the number of prompt coincidences may be very large because of the interference
of the upper lovels. The scintillation beads as already mentioned, subtend an
angle of 90° and the crystals arc covered with 1 mm of lead to arret X-photonss.
One of the slow channels is set 1o accept the peak with an energy range of 197-
215Kev, the other being biased at about 600Kev. The number of prompt coin-
cidencos given outl by the 215-765Kev cascade is nearly 20% and as the 1049Kev
level lifetimo is expocted to be very short, the uncertainty in the lifetime is expected
to be less than the assigned errors  The gain of the amplifier in the fast channel
is set at the position of tho highor sensitivity whereas the converter circu‘it is kopt
in the 60ns overlapping condition obtained by replacing the cable in the gy channol
with a cable of length 20ns  After these proliminary arrangements the tikne spec-
trum is scanned obtaining a curve, the inverse of which is takon by the interchango
of the seloction of tho gnmma components. The two sets of data thus obtained
are plotted, after eliminating the crrors arising out of chance comcidences, on
s semi-logarithmic scale as givon . Fig 5. A similar procedure is adopted using
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Fig. 6. Lifotune moasuroment of the 4+ level.

a Co-60 source, with the same energy selections, in order to eliminate the errors
due to time-independent and energy-dependent shifts. “The resulting spectra thus
obtained are shown in Fig. 6. The centroid shifts (27) are determined by numerical
integration and arc converted to time by comparison with the calibration plot
used as standard. The shift for Th-160 thus determined correspondss to & half-
life of 16 % 10-11 gec whereas that for Co-60 corresponds to 4x 10-1sec giving the
value of the half-life of the 4+ level as 12 X10-1se0. The entire experiment i
repeated using a different intensity of the source. The result of this repotition
is found to have a value of 10.5x10-sec. Assuming the possibility of 10%
error in these measurements, the average value for 7'(4%) is found to be

Ty(4+) = (11.254+1.13) % 10-11gec.
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which is indeed in agreement with the latest value listed in the table.

DISCUSRSION

It is usual that the experimental transition probabilities are compared with
the values computed from the theory of single particloe model. To obtain the ox-
perimental transition rates, the 197 and 86.7Kev transitions of Dy-160 are consi-
dered as having no admixture. It is required that the values of the oxperimentally
dotorminer lifetimes be corrected for internal conversion. The theoretically ob-
tamed total internal conversion coefficients!? are found to be 4.60 and 0.25 for the
86.7 and 197Kev transitions respectively. Thus after tho necessary corrections
tho experimental transition rates T(H2)g., and T(H2),,, are found as

T(E2)gq., = 6.392 X 107 sec~1
T(B2), - 4.939X 10° sec

Tho values of the transition rates corresponding to the above are derived from the
single particle model and are found to be 3.148x 10°sec—! and 1.907 x 107 sec~!
respectively. It can be seen that tho cxperimental values are comparatively
rauch higher by an order of 203 and 259 respectively than the theoretically obtained
values. This enhancement is expected in the strongly deformed region for E2
transitions within a rotational band. However, the K-forbidden E2 transitions
have retardation factors of the order of 103.

With a view to see the present experimental transition rates are capable of
confirming in a more satisfaotory way the predictions of the strong coupling
model, the present experimental results for the transition rates are compared
with the predictions of the strong coupling model, In this connection it may be

10
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pointed out that the reduced transition probability B(H2) of an H2 transition
from an initial spin state I; to the final state I; in a rotational band K is

[B(B2); I~ I, = Tg;r’ Qi <I2KO0|I2L,K>* _—

where @, is the intrinsic quadrupole moment. Substituting the experimental
values in the expression

[B(E2)]sap = [1.23X 102 X ES]T(E2) [ @

the B(H2)sg.y nd B(H2),4, are obteined as \
B(E2)39., = 1.061(¢210~4 om¢) '
B(E2),5, = 1.352( <)e210~4 om¢)

Again substituting the above values of the B(E2) in the expression (1), the @,
valuos are obtained as

Qo = 7.302--0.18(10-24 om3)
Qo = 6.901 - 0.35(102¢ cm?)

being those determined from the lifetimes of the first and second excited states
respectively. It can be seen that the @, values for both the levels are as should
be in agreement within the limits of the experiment. From the value of @, givon
above the deformation parameter £ is derived from

3
Q= 75 28 3

a8 B = 0.3443.
The value of the intrinsic quadrupole moment @, may further be tested by

employing the result derived from the Asymmetric Rotor Model'®, Using this
model the @, is obtained from

BED) 2y 0+ — EOE 1 (7, 3—2sin®3r
[B(E2):2¢~ 0%] 167 2 (1+VQ—8,ain’3r)

(4)

whero r is the (shape) parameter of transverse deformation. In the case of Dy-160,
from the energies of the first and second excited states, the # is found to be 11.85°
which on substitution in the above expression (4) gives the @, value as Qg = 7.4
(10-% ¢m?) which is in agreement with that obtained from the unified model.
Henoe it may be concluded that there is mot much difference in the results
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obtained from unified and asymmetric rotor models in the strongly deformed
region.

The expression (1) gives a value of 1.43 to the ratio of the reduced transition
probabilities [B(£2); 4+— 2+]/[B(E2); 2+—0]. On the other hnd, the experimental
value of the same is obtained as 1.27540.2. It can be soen that these two
values are in a fair agreement. The assigned error 0.2 of the ratio amounts to 16%
which naturally as can be seen from the following table is considerably less than
those of others,

TABLE III
B(E?2) ; 4+52+ Same ratio
Authors Yeoar [ s --'~—-—] calculated with
B(E2); 2¥50% | py(87)=1.94ns.
1. Burde and Rakavy 1961 1 66040.33 1.89740 33
2, Berlovich et.al, 1962 1.6804-0.27 2.0194.0.27
3. Li and Bchwarzchild 1963 1.4004.0.22 1.9414.0.22
4. Present investigation 1.2764.0.20 1.2764-0.20

From the last column of the table it can be seen that with the value obtained
by present investigation for the lifetime of the 2+ level, the values of the ratio
differ considerably from the theoretical value (1.43) in the case of the results of the
authors (1) and (2) mentioned in the table. From the data! of four even-even
nuclei in the strongly deformed region it can be seon that the values obtained for
the game ratio are in good agreement with the theory. Hence the present experi-
mental value for the ratio of the reduced transition probabilities within the K = 0
band confirm the unified model predictions. It can also be seen that the present
lifotimes of the 2+ and 4+ levels are accurate within the limits of the experiment.
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