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A b s t r a c t :  G a m m a  r a y s  m D y  aeo following be t a  decay  of t he  72 d a y  Tb  t6o h a v e  been  s tud ied  
u s ing  coincidence a n d  angu l a r  corre la t ion  m e t h o d s  The  relatave i n t ens i t y  a n d  coincidence 
m e a s u r e m e n t s  c o n h r m  t h e  pr inc ipa l  fea tures  of the  decay  scheme  proposed  b y  N a t h a n  x) 
A n g u l a r  corre la t ion m e a s u r e m e n t s  were m a d e  on six cascades  The  sp in  a n d  p a n t y  of the  
0 087 MeV, 0 964 MeV, a n d  1 262 MeV levels were found  to be  2 + ,  2 + ,  a n d  2 - -  respec- 
t i ve ly  The  m e a s u r e m e n t s  f avour  sp ins  of  4 a n d  3 for t h e  0 283 MeV a n d  1 359 MeV levels 
These  a s s i g n m e n t s  are  in a g r e e m e n t  w i t h  p rev ious  a s s i g n m e n t s  b y  Ofer *) The  mul t i -  
polar i t ies  of  t he  m u m  g a m m a  t r ans i t i ons  are  g iven  

1. In troduct ion  

The level structure of Dy le° following beta decay of the 72 day Tb le° has 
been the subject of several lnvestlgahons x-s) The more recent of these 
studies have been in agreement on several features of the level structure 
However, conflicts still exist m regard to the relative intensities and multJ- 
polarities of certain strong gamma transitions The angular correlation of the 
1 076 MeV--0 196 MeV cascade reported by  Ofer 2) was considerably differ- 
ent from that observed by  Nathan x) In addition, Ofer found it necessary 
to postulate an attenuation 2, 9) in interpreting three of his angular corre- 
lation measurements (those involving the 0 087 MeV level) Under the 
circumstances an attenuation is difficult to understand and further s tudy of 
this aspect would seem to be of value. Thus the present coincidence and 
angular correlation measurements were undertaken in the hope of resolving 
some of the incompatible aspects of previous research on this decay 

2. E x p e r i m e n t a l  P r o c e d u r e  

Qualitative coincidence measurements were CalTled out using a fast-slow 
coincidence circuit with multlchannel recording of the "gray wedge" type 
(modified Beva Lab 210). The detectors were 1½"× 1" NaI(T1) crystals 
mounted on RCA type 6342 phototubes 

The quantitative colncldence measurements and angular correlation 

t Suppor t ed  m pa r t  b y  t he  Mtc lugan  Memomal  P h o e n t x  Pro jec t  and  the  Un i t ed  S ta tes  
A tomic  E n e r g y  C o m m m s m n  
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measurements employed a conventional fast-slow coincidence circuit lO) 
with an effective resolving time of 20 ns The scintillation counters consisted 
of 2" × 2" NaI (T1) crystals mounted on RCA type 6342 phototubes Differen- 
tial analyzers were used to provide energy selection Lateral lead shielding 
was used to prevent counter-to-counter scattering 

Angular correlation data were taken in a double quadrant sequence 
A least-squares fit of the data was made to the function 

W' (0) = ao + ~2 P2 (c o s 0) + ~4 P4 (cos 0 ) 

The resultant expansion coefficients were 
for finite angular resolution by a collimated 
correlation function of the form 

then normahzed and corrected 
beam method 11) This yielded a 

W(O) = 1+  (A~4-g,)P2(cos 0 )+  (A4±a4)P4(cos O) 

The as and a4 are the root-mean-square errors as defined by Rose (ref 13), 
eq (30)) 

High puri ty Tb203 powder was Irradiated for 24 hour periods in The 
University of Michigan Ford Nuclear Reactor The activated powder was 
then dissolved in HCI and the solution was diluted No impuri ty activities 
were found to be present in the source material 

3. Results 

3 1 C O I N C I D E N C E  M E A S U R E M E N T S  

In order to determine the position of the various gamma rays in the decay 
scheme, measurements were made of the gamma rays coincident with the 
following energy regions 

0080 M e V ~ E = < 0 1 0 0  MeV, 0160 M e V ~ E ~ 0 2 4 0  MeV, 

0250 M e V _ _ < E ~ 0 3 5 0  MeV, and 0830 M e V ~ E ~ 1 0 0  MeV 

The quahtatlve results are summarized in table 1 
A knowledge of the relative lntenslhes of the O 877, 0 960 and O 964 MeV 

lines is necessary in order to interpret the angular correlation data. Hence a 
careful measurement was made by means of the 0 298 MeV coincidence 
spectrum After correction for detector efficiency and the slight overlap of 
the hnes, the intensity ratio 0 877 0 964 0 960 was found to be 1 O 731  
0 06 0 294-0 06 This ratio was confirmed by measurements in the 0 087 
MeV coincidence spectrum although the presence of interfering cascades 
prevented reliable quantitative results The present results are in good 
agreement with the ratio 1 . 0  684-0 10 0 354-0 10 found by Nathan 
A ratio of 1 0 904-0 18 0 05±0 01 has been quoted by Ofer 



THE LEVEL STRUCTURE OF DF 160 

T A B L E  1 

G a m m a - g a m m a  coincidence m e a s u r e m e n t s  
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E n e r g y  R e g m n  

(MeV) 

Trans i t i ons  
Selected 

(MeV) 

Coinc iden t  T r a n s l t m n s  

(MeV) 
R e m a r k s  

0 0 8 0 ~ E < 0  100 

0 1 6 0 ~ E < : 0  240 

0 2 5 0 ~ E ~ 0  350 

0 8 3 0 ~ E ~ 1  00 

0 087 

0 196, 0 215 

0 298 

0 877, 0 960, 
0 964 

0 1 9 6 + 0  215, 0 298, 0 877, 
0 960, 1 175, 1 272 

0 087, 0 1 9 6 + 0  215, 
0 298, 0 681, 0 764, 
0 960, 1 076 

0 087, 0 196, 0 877, 0 964 

0 087, 0 159, 0 215, 0 298 

The  p h o t o p e a k  a t  0 960 
MeV was  found  to  be 
a b o u t  ] as s t r ong  as t he  
0 876 MeV p h o t o p e a k  
af te r  s u b t r a c t i o n  of in ter -  
f e rmg  cascades  

The  0 681 MeV t r a n s l t m n  
was  found  to be a b o u t  ½ 
as s t r ong  as t he  0 764 
MeV t r ans i t i on  No 
g a m m a  r a y  was found  a t  
1 047 MeV t h u s  ru l ing  
o u t  t h e  presence  of a 
s t r ong  g r o u n d  s t a t e  t r an -  
s i t ion  f rom t h e  1 047 
MeV level 

The  0 964 MeV t r a n s l t m n  
was  found  to be  a b o u t  
as s t r o n g  as  t he  0 877 
MeV t r a n s l t m n  
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Fig  1 D e c a y  s cheme  of T b  re° T he  be t a  decay  d a t a  a n d  g a m m a  r a y  energies  (m MeV) a re  
accord ing  to N a t h a n  The  re la t ive  m t e n s t t m s  are  due  to N a t h a n  excep t  where  di rect ly  m e a s u r e d  
m the  p re sen t  research  A n u m b e r  of weak  t r ans l t l ons  observed  b y  Gregor ' ev  et al 7) (relat ive 

lntensl taes  u n k n o w n )  have  been inc luded  
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The  decay  scheme shown in fig 1 is due to  N a t h a n  1) The  re la t ive  in ten-  
sities of some t rans i t ions  have  been modif ied  to agree wi th  the  presen t  
m e a s u r e m e n t s  An addi t ional  level a t  1 200 MeV and  several  weak  t rans i t ions  
have  been added  to the scheme on the  basis  of in terna l  convers ion  measure -  
m e n t s  b y  G n g o r ' e v  et al 7) 

3 2 ANGULAR CORRELATION OF THE 0 298 MeV--0 877 MeV and 0 298 MeV--0 964 
MeV CASCADES 

Although the 0 877 MeV photopeak and the 0 960 MeV and 0 964 MeV 
combined photopeak were easily resolved by the sclntlIlatlon counters, 
there remains a small overlap of these lines which must be considered m 
analyzing the angular correlatlon data Two angular correlation measure- 
ments were made In each measurement one of the dlfferentlal analyzers 
was set to accept the upper half of the photopeak of the 0 298 MeV gamma 
ray In one case the second differential analyzer was set to accept a narrow 
range of pulses m the upper half of the 0 964 MeV photopeak In the other 
measurement, the second differentia] analyzer selected a narrow range of 
energies centered on the 0.877 MeV photopeak 

Using the measured relative mtensltles (without the detector efficiency 
correction), the 0 877 MeV and 0 964 MeV photopeaks were constructed 
from known shapes of single gamma rays in this energy region The rote- 
grated contrlbutlon of both gamma rays to each correlation functlon was 
then determined The two correlation functions were combined wlth special 
attention to the errors In the relative lntensltles, channel settings, and the 
correlation functions themselves In thls manner the 0 298 MeV--0 964 MeV 
angular corre]atlon yielded expansion coefficients A s = +0 2594-0.042 and 
A~ = - - 0  031+0030 These are In good agreement with the theoretlcal 
coefficients for a pure 2(D)2(Q)0 cascade, I e, A2 = +0 250, A 4 = 0 If 
the cascade is of the form 2(D, Q)2(Q)O, the hmlts of error will allow a 
maximum of 0 5 ~/o quadrupole content in the 0 298 MeV transition Thls 
assignment is supported by the measured K-converslon coefhctents 1,7) 
which indicate an E1 multlpolanty for the 0 298 MeV gamma ray and 
E2 for the 0 964 MeV transltlon It seems safe to assign a spin and parity 
of 2+ to the 0 964 MeV level on the basis of the conversion data. The 
expansion coefficients for this sequence are also consistent with a 3(D, 
Q)2(Q)O cascade wi th  a quadrupole  con ten t  Q1 for the  first  t rans i t ion  of 
0 21 ~ QI ~ 0 65 An M2 con ten t  of this m a g n i t u d e  IS inconsis tent  wi th  
exper ience and  wi th  the m eas u red  K-convers ion  coefficients Thus  a spin 
a s s ignmen t  of 3 m u s t  be ruled out  for the  1 262 MeV level 

In  the  m a n n e r  descr ibed above  the  corrected expans ion  coefficients for the  
0 298 M e V - - 0  877 MeV sequence were found  to be  A s = - - 0  1264-0 026 
and  A 4 ---- + 0  0154-0 020 The  first  exci ted  s t a te  (at 0 087 MeV) can a lmos t  



THE LEVEL STRUCTURE OF Dy is° 415 

certainly be characterized as 2 +  If the 0 298 MeV transition zs assumed to 
be pure dipole, the data are then consistent with a 2(D)2(D, Q)2 sequence 
with 095 ~ Q 2  ~ 0 9 9  or 0 2 5 = < Q z ~ 0 3 5  The latter posslblhty can be 
ruled out by the angular correlation data from the 0 877 MeV--0 087 MeV 
cascade which is given below The posslblhty of a small M2 admixture In the 
0 298 MeV transition cannot be ruled out The graphical analysis z3) of the 
data for a doubly mixed cascade is shown m fig 2 in which the range of 
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Fig  2 Ana lys i s  of  tile 0 298 M e V - - 0  877 MeV a n g u l a r  correlatzon in t e r m s  of a 2 (D, Q)2 (D, Q)2 
sequence  T h e  hmzt s  of quad rupo le  c o n t e n t  for t he  f i rs t  s tep  of the  cascade  are  k n o w n  f rom 

t he  0 298 M e V - - 0  964 MeV a n g u l a r  correla t ion 

E l + M 2  mixture for the 0 298 MeV transition is assumed from the results 
of the 0 298 MeV--0 964 MeV correlation Again m accord with the results 
of the 0 877 MeV--0 087 MeV angular correlatzon, the data still reqmre a 
quadrupole content of 0 925 =< Qz ~ 0 995 for the 0 877 MeV transition 

In summary, zt has been shown that  the 0 298 MeV gamma ray proceeds 
from a 2-- level at 1 262 MeV to a 2 +  level at 0 964 MeV by radzatlon which 
zs predominantly electrm dzpole ( <  0 5 % M2) The 0 964 MeV level decays 
by pure E2 radzatlon to the 0 +  ground state and by 964-3 5 % E2 and 
4T 3 5 % M1 radlatlon (0 877 MeV gamma ray) to the 2 +  first excited state 
at 0 087 MeV 
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3 3 A N G U L A R  C O R R E L A T I O N  O F  T H E  0 877  M e V - - 0  087  M e V  C A S C A D E  

The 0 877 MeV gamma ray is a transition from the 2 +  level at 0 964 MeV 
to the first excited state (spin and par i ty  of 2 + )  at 0 087 MeV Angular 
correlation measurements on this cascade can provide information on the 
multlpolarlty of the 0 877 MeV transition, assuming that  the 0 087 MeV 
transition is pure E2 An accurate measurement is not possible, however, 
due to the presence of the Compton distributions of interfering cascades 
The chief contributions to this background, 1 e ,  the 1 272 MeV--0 087 MeV, 
1 175 MeV--0 087 MeV, 0 960 MeV--0 087 MeV and 0 298 MeV--0 877 MeV 
cascades, comprise nearly 50 % of the real coincidences measured by  accept- 
mg a small portion of the 0 087 MeV and 0 877 MeV photopeaks in alternate 
differential analyzers However, the range of multlpolarltles possible for the 
0 877 MeV gamma ray is already known from the 0 298 MeV--0 877 MeV 
angular correlation measurement Thus, despite the large errors Introduced 
by the interference subtraction, the 0 877 MeV--0 087 MeV data can be 
used to distinguish between the two allowable ranges The corrected data 
showed the negative A 2 and large positive A 4 characteristic of a 2 (D, Q)2 (Q)O 
sequence with a large ( >  90 %) quadrupole content in the first transition 

The angular correlation of this cascade was also measured by  Ofer 2) 
In that  measurement the experimental data were corrected for interference 
from the 1 272 MeV--0 087 MeV and 1 175 MeV--0 087 MeV cascades and 
the resultant coefficients were considerably smaller than would be expected 
for the large quadrupole admixture present in the 0 877 MeV transition 
The present measurements indicate that  it is not necessary to postulate an 
at tenuation if all Interference is considered However, the presence of some 
at tenuat ion cannot be ruled out Ofer and Cohen *) were unable to achieve a 
completely satisfactory explanation for the large at tenuation proposed It 
will be seen below that  the results of the 1 272 MeV--0 087 MeV and 1 175 
MeV--0 087 MeV angular correlations can be more readily understood If no 
at tenuat ion is present 

8 4 A N G U L A R  C O R R E L A T I O N  O F  T H E  1 2 7 2  M e V - - 0  087  M e V  A N D  1 175  M e V - - 0  087  

M e V  C A S C A D E S  

The 1 175 MeV and 1 272 MeV photopeaks are barely resolved in the 
scintillation spectrum, and an analysis similar to tha t  outhned in section 3 2 
must be applied m order to obtain the corrected angular correlation func- 
tions The errors involved are large due to a poor knowledge of the relative 
Intensities and are reflected in the increased error limits of the expansion 
coefficients The corrected expansion coefficients for the 1 175 MeV--0 087 
MeV angular correlation were found to be A 2 : + 0  1334-0 041 and A 4 
= + 0  008=E0 083 Similarly the 1 272 MeV--0 087 MeV cascade yielded 
Az : + 0  148±0 065 and A 4 : - -0  094-0 14 
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The 1 175 MeV gamma ray proceeds from the 2--  level at 1 262 MeV to 
the first excited state The cascade IS certainly of the form 2(D, Q)2(Q)o 
The expansion coefficients are then consistent with an E l + M 2  mixture for 
the 1 175 MeV gamma ray with 97 5-/-1 5 % E1 and 2 5 T 1  5 % M2 This is 
in agreement with the K-conversion coefficient measurements of Nathan 
and of Grlgor'ev et al If a perturbation were present, a larger M2 content 
could not be ruled out Assuming an attenuation, Ofer's data 2) would 
require an M2 content of about 65 % This would contradict the conversion 
measurements and also constitute a much larger M2 admixture than is 
normally encountered Hence the results tend to favor the present inter- 
pretation 

The 1 272 MeV gamma ray is a transition from a level at 1 359 MeV to the 
first excited state Of the spin assignments logically available for the 1 359 
MeV level, the angular correlation data is consistent only with 2 or 3 As 
will be shown below, the 1 076 MeV--0 196 MeV angular correlation rules 
out a spin assignment of 2 for the 1 359 MeV level For a 3(D, Q)2(Q)O 
sequence the data require 004--<Q0_--<018 or 0 66 _< Q1_<_ 0 86 The 
K-conversion coefficient measured by  Nathan favors an E1 multlpolarlty 
for the 1 272 MeV transition Hence the 1 359 MeV level is most naturally 
characterized as 3-- and the 1 272 MeV gamma ray IS an E l + M 2  mixture 
with 894-7 % E1 and 11={=7 % M2 Ofer, assuming a perturbation, found a 
quadrupole content of between 27 % and 50 % for the 1 272 MeV tran- 
sition 

3 5 A N G U L A R  C O R R E L A T I O N  OF T H E  1 076 MeV--0  196 MeV CASCADE 

The 1 076 MeV gamma ray is a transition from the 1 359 MeV level to the 
second excited state at 0 283 MeV The 0 196 MeV gamma ray is a transition 
between the second and first excited states Both gamma rays Involved are 
very weak The window of one differential analyzer was set to accept the 
0 205 MeV photopeak and the other was set with a narrow window in the 
region where the 1 076 MeV gamma ray should occur I t  was found that  
interference was present due to the high energy tails of the 0 960 MeV and 
0 964 MeV gamma rays as the 0 215 MeV--0 960 MeV and the 0 298 MeV-- 
0 964 MeV cascades No adequate method could be found for subtracting 
out this interference 

It  seems highly probable that  the second excited state can be characterized 
as 4 +  Of the possible sequences 4(D, Q)4(Q)2, 2(Q)4(Q)2, and 3(D, 
Q)4(Q)2, the first two require a positive A 4 coefficient The present data, 
even with the large interference, require an A 4 which is negative or at 
worst vanishing Thus a spin of 3 must be assigned to the 1 359 MeV 
level but the multlpolarlty of the 1 076 MeV transition remains undeter- 
mined 
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4. D i s c u s s i o n  

Nathan 1) has discussed the level structure of Dy 16° in terms of the unified 
model His spin and multlpolarlty assignments were based on internal 
conversmn and relative intensity measurements The present angular corre- 
lation measurements confirm his assignments when interpreted in accord 
with the Internal conversion data 

References  

1) O Nathan,  Nuclear Physics 4 (1957) 125 
2) S Ofer, Nuclear Physms 5 (1958) 831 
3) Burson, Jo rdan  and LeBlanc, Phys  Rev 94 (1954) 103 
4) Keshlshtan, Kruse, Klotz and  Fowler, Phys  Rev 96 (1954) 1050 
5) Bertohm, Be t tom and Lazzarlnl, Nuovo Clmento 3 (1956) 754, and Nuovo Clmento 3 

(1956) 1162 
6) M A Clark and J w Knowles, Bull Am Phys Soc 4 (1957)281 
7) Grlgor'ev, D~.elepov, Zolotavm, Kraft,  Kratslk and Peker, Izv Akad Nauk SSSR, Ser 

Flz 22 (1958) 101 
8) Avotma,  Gngor 'ev,  Zolotavm and  Kratslk, Doklady Akad Nauk SSSR, 119 (1958) 1127 
9) S Ofer and  S G Cohen, Proc Rehovoth  Conf Nucl Structure (North Holland Pubhshmg 

Co 1 9 5 8 ) p  479 
10) Stewart, Scharenberg and  Wmdenbeck, Phys Rev 99 (1955) 691 
11) Arns, Sund and  Wledenbeck, Umvers l ty  of Michigan Research Ins t t tu te  Techmcal 

• Repor t  2375-4-T (January,  1959) 
12) M E Rose, Phys  Rev 91 (1953) 610 
13) R G Arns and  M L Wmdenbeck, Phys Rev I l l  (1958) 1631 


