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A b s t r a c t :  The decay of Sm xSs to Eu 1as has been investigated by means of an iron yoke double 
focusing spectrometer, gamma-gamma and electron-gamma coincidence spectrometers. 
A precision measurement of the 69.672 keV line has been performed with an iron-free double 
focusing spectrometer. Internal conversion lines and photo-electric lines of the following 
transitions have been measured and their energies determined with a precision of a few parts 
in 104: 69.672; 75.34; 83.37; 89.47; 97.45; 103.174; ~ 104.8; 172.85 keV. Conversion electron 
and gamma intensities, multipolarities, mixing ratios and conversion coefficients are given. 
Using the photo-electron method, 16 other weak transitions were measured with a resolution 
of 0.5 % to 0.25 %: 151.5; 411.5; 424.3; 437.7; 449.7; 463.6; 521.3; 531.4; 533.2; 539.1; 555.2; 
578.6; 596.9; 603.1; 609.1; 636.0 keV. Difficulties in the computation of intensities of low 
energy gamma rays from external conversion measurements are briefly discussed. A decay 
scheme is proposed on the basis of the energy data and a quantitative analysis of the gamma- 
gamma and electron-gamma coincidences. Excited levels' a t  the following energies have been 
established: 83.37; 97.45; 103.17; 172.85; (191.4);634.6; 636.4; (694.3); (706.4)keV. 

1. I n t r o d u c t i o n  

I t  is well known that  nuclei in the mass region 150 < A < 190 have a non- 
spherical equilibrium shape. The properties of such nuclei, of both even and 
odd mass, are predicted and explained with high accuracy by  the unified model. 
The neighbouring nuclei outside the above mentioned region are not as well 
understood. A s tudy of the excited levels of the odd-proton nucleus e3Eu~ is 
therefore of special interest because of its position just  on the edge of strongly 
deformed nuclei. 

Sm x~ (47 h) and Gd 163 (225 d) both decay to Eu 1~, but  as the Q-value of 
the Sm ls3 decay is larger, about 800 keV compared to about 200 keV for Gd 153, 
it allows higher excited states to be studied. A great number of investigations l) 
have been published on the Eu 153 levels excited in the Sm l~ or Gd ls~ decay 
or in Coulomb excitation. Based on these investigations Mottelson and Ntis- 
son 2) have given the decay scheme reproduced in fig. 1 and interpreted it in 
terms of the unified model. A ground state spin I ~ 21 for Sm 153 was measured 
by  Cabezas eta/.  3) using the atomic beam resonance method. The spin of the 
Eu 1~ ground state has also been directly measured 4, 5), its value being I --~ 21. 

Studies of the beta  spectrum from Sm l~ have shown 1) the presence of 
three main components with the maximum energies listed in table 1. 

t On leave from the Comisi6n Nacional de Energta At6mica, Buenos Aires, Argentina. 
t t  Present address: Insti tute of Physics, Chalmers University of Technology, Gothenburg V, 

Sweden. 
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Fig. 1, Decay scheme a~cording to Mottelson and Nilsson s). The cross (?) denotes states associated 

with a smaller nuclear deformation. 

TABLE I 

Relx)rted beta branches from Sm zal 

Graham and Walker m) Dubey e t a / .  ')  N. Marty 1") 

Max. energy Intensity Max. energy Intensity Max. energy Intensity 
(keV) (%) (keV) (%) (keY) (%) 

8104-10 
7104-15 
6404-15 

20 
50 
30 

8254-10 22 
720 4-10 38 
6454-10 40 

8204-1O 22 
7204-15 35 
6504-15 i 43 

TABLE 2 

Precision transition energy determinations 

Authors 

Beckman ~) 

Bergvall s) 

Waiters et al. *) 

Present work 

Instrument  

Bent crystal 
spectrograph 

Bent crystal 
spectrometer 

Bent crystal 
spectrograph 

Iron-free double- 
focusing spectro- 
meter 

E~ (keY) 

103.2 69.7 

103.18 4-0.04 

103.1754-0.004 

103.17 4-0.04 

69.66 4-0.09. 

69.66 4-0.02 

69.6724-0.006 
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Gamma rays of 70, 100, 170, 530 and 600 keV from the Sm 1~ decay have 
been observed with gamma scintillation spectrometers • ~ ~). Bent crystal 
spectrometer measurements have been reported for the  70, 97 and 103 keV 
lines v-9) (table 2). Conversion electrons corresponding to gamma rays of 
energies 69, 84 and 103 keV have been reported b y  Marry 10). No internal 
conversion lines of gamma rays above 103 keV have been observed up till 
now, with the exception of a 548 keV line reported by  Lee and Katz 11). 

The Coulomb excitation experiments 1,19) on Eu 1~ show the existence of 
two levels at 83 keV and 190 keV belonging to the ground state rotational band. 

During the present investigations several articles have appeared on the low 
excited levels of Eu  1~. The most accurate data  were obtained b y  Graham 
eta/ .  12) who studied the decay of Gd 1~ with the Chalk River iron-free double 
focusing spectrometer. They found conversion lines corresponding to the 
following gamma energies (keV): 14.09; 19.82; 69.67; 75.43; 83.37; 89.47; 
97.47; 103.2; 172.88. Recently Moussa and Monnand Is) found that weak con- 
version lines corresponding to gamma rays of 19.8 keV and 97 keV also were 
present in the Sm 1~ decay. The data available for the high energy levels in 
Eu  lu  are rather contradictory. Lee and Katz n) found that the 548 keV 
transition goes to the ground state. Marry 10), instead, proposed that a 545 keV 
gamma ray goes to the 103 keV level. Finally Dubey  eta/ .  6) concluded from 
their coincidence measurements that  this transition had to be placed between 
a 700 keV level and the 172 keV level. In their decay scheme, which has been 
the one generally adopted, a 600 keV gamma ray goes from the 700 keV level 
to the 103 keV level as in fig. 1. 

Mottelson and Nilsson suggested in their review article 9) that  the wealdy 
fed 700 keV level was a single-particle level with the Nilsson quantum num- 
bers 12+ [411]. In such a case there should exist two close lying levels at about  
700 keV with spins I = x and I = ~, the second one being a member of the 
rotational band based on the single-particle level ~ +  [411]. These levels were 
suggested to decay mainly to the 173 and 103 keV levels giving two double 
lines around 530 and 600 keV respectively. 

The aim of the present investigation was to confirm these ideas on the 
high energy levels. However, the initial experiments showed that the high 
energy spectrum had a more complex structure than the suggested one. 
We then decided to undertake a complete s tudy of this decay and to look for 
possible beta  and gamma vibrational levels similar to those recently observed 
in neighboufing even nuclei ~s). 

2. Internal  C o n v e r s i o n  
2 .1 .  S O U R C E  P R E P A R A T I O N  

The sources were produced b y  neutron irradiation of isotopicaIIy enriched 
SrntO s. The material used in the preliminary runs had a quoted atomic percentage 
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abundance of (89.94-0.1)% SmXrL No other half-lives than that  corresponding 
to Sm ls3, were observed during the internal conversion experiments. The 
photo-conversion measurements, however, showed a small contribution of the 
9 h activity of Eu ~5~m at the beginning of the runs. In the later experiments 
we therefore only used material with an atomic percentage of (99.06q-0.05)% 
of Sm 152. In addition the amount of Eu present in the material was reduced 
from 0.6 % to < 0.02 %. Some of the irradiations were performed in the 
Stockholm reactor in a neutron flux of about 2×  10 lz neutrons (cm".s) -1. 
To increase the specific activity for detection of some weak low energy lines, 
a sample was irradiated in the Ris0 reactor (Roskilde, Denmark) in a flux of 
5 × 1 0  x3 neutrons (cm~.s) -1. To prepare the internal conversion sources, 
hydrochloric acid was added to the irradiated Sm203. After drying, the 
material was redissolved with a drop of water to enable the filling of a crucible. 
The deposition was performed b y  evaporation in vacuum onto 2 mg/cm z 
aluminium strips. 

2.2. M E A S U R E M E N T S  W I T H  AN I R O N - F R E E  D O U B L E  F O C U S I N G  S P E C T R O M E T E R  

An iron-free double focusing beta  spectrometer le) (Po = 30 cm, ~-----as) 
was employed to give a precise determination of the energy and intensity of 
the 69.67 keV transition b y  measuring its K conversion electron momentum 
relative to the K conversion line of the 103.175 keV transition of which the 
energy is known from precise crystal spectrometer measurements (table 2). 
The Bp values obtained from three different runs using different methods 
to determine the peak position did agree within 1 : 10 000. The gamma energy 
was found to be 

E r = 69.6724-0.006 keV. 

The energies of the K and L conversion lines were then computed using the 
accurate binding energies given in ret. 17). The adopted values used for calibra- 
tion in the later experiments are summarized in table 3. The following intensity 

E 7 (keY) 

103.1754-0.004 

TABLE 3 

Calibration da ta  used 

Shell Ee (keV) 

K 54.6524-0.004 
L x 95.1184-0.004 
I_~ 95.5534-0.004 
Lxx t 96.193+0.004 

Bp (G. cm) 

809.124-0.03 
1087.31 4-0.02 
1090.004- 0.02 
1093.96 ± 0.02 

69.672 4- 0.006 K 

Lm 

21.1494-0.006 
61.6164-0.006 
62.0504-0.006 
62.690 4- 0.006 

495.444-0.06 
861.904-0.05 
865.104-0.05 
869.81-~ 0.05 
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ratio was obtained: 

I (K 69.7) : I (K 103) = 0.538-}-0.020. 

Since Geiger tubes with a cut-off estimated to be 3.5 keV were used, no window 
absorption correction was necessary. 

Very few electron intensity data have been published up till now. Moussa and 
Monnand is) give only the ratio of the total electron intensities of the 70 and the 
103 keV transitions. Their result I e (70) : I e (103 ) = 0.70 :~ 0.02 is in disagreement 
with our value of 0.55!0.02, obtained by using also the K / ( L + M + N )  ratios 
from our results in the next paragraph. The specific activity of our source 
was more than 20 times higher than that  quoted in ref. 13). 

2.3. MEASUREMENTS W I T H  AN IRON-YOKE DOUBLE FOCUSING SPECTROMETER 

A double focusing iron-yoke spectrometer (P0 ---- 50 cm, fl ---- }) similar to 
that  described by Hedgran et al. 14) was used for both the internal and the 
external conversion experiments. The magnetic field was continuously measured 
against the field of an iron-free Helmholtz coil using a pair of synchronously 

COUNTS/1OOsec K LL AUGER 
25O00 

33.72 K LIL= 

2OOO( 

34~38 K I..=L= 

33.29KLxL, 83.37 K K L M AUGER 

32.66K !~,L, ~' 89.47 K 

1 
0t 700 800 850 g00 950 I~0 Q 

Fig. 2a. In terna l  conversion spectrum. The par ts  ot the  spectrum drawn in full circles or with 
c r o s ~ s  h a v e  been  m e a s u r e d  w i t h  be t t er  resolution. 
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rotating coils 15). Earlier experiments performed with this spectrometer have 
shown that  relative measurements of electron momenta can be performed with 
a n  accuracy of the order of (1-2) × 10 -4. The sources had an area of 2 × 20 mm. 
The spectrometer baffles were usually set to obtain a resolution of 2 O/o 0 
(when no energy loss is present), the transmission was then about 1.5 0/o o. 
The cut-off energy of the Geiger-Miiller window was about 15 keV. 

The internal conversion spectrum obtained with this spectzometer is shown 
in figs. 2a, 2b, 2c. The measurements covered the electron energy region from 
20 to 155 keV. The resulting energies and intensities are given in table 4a 

COUNTSlIO0 s e c  

15000 

100OO 

,°1 
ol 

89.47 L 

L~La 9745L ;83-37M • t 

J 

103.18 L 

103.18M 
,~ 103.18 N 

,5 

103.18 N 

172.85 K 
,i 

I,,oo 145o isoo Isso " I~oo " " I$SO " " ' i~oo'o' 

Fig. 2c. See caption fig. 2a.. 

and 4b. The rate of decay of all the lines reported in table 4a was found to 
be  the same within q-15 %. The intensities were corrected for absorption in 
the Geiger-Mfiller window, but this correction was only a few percent, except 
for the K 75 and the K 69.7 lines. However, since the intensity of the K 69.7 
line was known from the measurements with the iron-free double focusing 
spectrometer the corrected K 75 intensity was easily determined. The intensity 
of the weakest lines that  easily could be identified on the continuous spectrum 
was 1 to 2 parts in 10-4 of the intensity of the K 103.2 line. 

Our internal conversion results are given in table 4a and 4b. The energy 
determinations obtained in the present measurements are in very good agree- 
ment with those reported for Gd 1~ by Graham et al. 12). 

Accurate conversion intensities, K/L and L subshell ratios of most of the 
transitions are determined. See tables 4, 5 and 6. From our ratios we have 
computed the multipolarities and the mixing ratios using Sliv's tables is). 
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TABLE 4a 

Internal conversion results 

Adopted 
transition 

energy 
(keV) 

69.6724-0.006 *) 

75,344-0.05 

83.374-0.02 

89.47 4- 0.04 

97.454-0.04 

103.1754-0.004 d) 

172.8474-0,010 

Electron 
energy 
(keV) 

21.184-0.02 
61.664-0.015 
62.09 4- 0.02 
62.724-0.02 
67.94-0.1 
69,354-0.1 

26,834-0.05 

34, 87 4- 0.02 
75,354-0.04 
75.774-0.03 
76.414-0.03 

41.004-0.04 
81.434-0.07 
81.804-0.10 
82.464-0.07 

48.934-0.04 
89.374-0.1 
90.454-0.15 

54.654-0.015 
95.144-0.02 
95.574-0.04 
96.214-0.03 

101.384-0.05 
102.874-0.05 

124.304-0.06 

Con- 
version 

shell 

K 
L, 

I-an 
M 
N 

K 

K 
L, 

K 

Lm 

K 
L~+~, l 
I-qxx 

K 
L~ 

I.~x 
M 
N 

K 

Transition 
energy 

calculated 
from cony. 

line 
(keV) 

69.70 
69.71 
69.71 
69.70 
69.7 
69.7 

75.34 

83.37 
83.40 
83.39 
83.39 

89.47 
89.49 } 
89.42 
89.44 

97,45 
97,43 
97.43 

103,17 
103.19 } 
103.19 
103.19 
103.2 
103.2 

Relative 
electron 
intensity 

53804- 200 I) 
7924-40 
1164-10 
734-7 

2234-10 
594-4 

184-2 

1474-5 
224-5 
314-3 
314-3 

120 4-10 b) 

354-3 e) 

5 0  4-2 
7.74-1.5 

10 0004-300 

1600+50 

534-15 
5334-100 

974-7 

172.82 I I 6,3-~0.5 

*) Data obtained from our iron-free double-focusing spectrometer measurements. 
b) Not resolved from KLN Auger lines. 
c) Not resolved from M 83.4 keV line. 
d) Calibration line from ref. s). 

Relative I total 
con- 

version 
intensity 

6700 

250 

160 

60 

12 300 

Very few intensity ratios have been reported up till now. In addition to the 
already mentioned Ne(69.7) : Ne(103.2 ) ratio given b y  Moussa and Monnand 
only K/L ratios of the two strongest transitions have been given. These in- 
tensity ratios are listed in table 6. 

We have also observed some weak transitions reported in table 4b. 
Those found at 59.6 keV and 100.0 keV might already ratios have been 
conversion lines of a 108.0 keV transition. Conversion mentioned strongest 
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to a similar transition energy have been reported in several Coulomb excitation 
experiments 19, s0). Bernstein and Graetzer 19) give a gamma transition energy 
of 109 keV (no error quoted) and a K/L ratio of 3.4. The data obtained by 

TABLE 4b  

I n t e rna l  convers ion  resu l t s  (probable a s s ignmen t s )  

E lec t ron  
ene rgy  
(keV) 

30.8 4- 0.2 

55.804- 0.06 
56.044- 0.05 
56.234- 0.O7 
56.394- 0.07 
97.3 - -97 .9  
59.6 4- 0.2 

100.0 4- 0.2 
122.7 -4- 0.1 

P robab le  
conver -  

s ion 
shel l  

K(?)  
or  L(?)  

K 
K 
K 
K 
L m  
K 

K 

Proposed  
t r ans i t i on  

ene rgy  
(keV) 

79.4 
38.9  

104.33 
104.57 
104.75 
104.91 
104.3 --  104.9 
108.0 
108.0 
171.2 

Re la t ive  
e lect ron 
i n t ens i t y  

2 4-1 

16 4-4 
24 4-4 
21 4-4 
11 4-4 
7 4-3 
3 4-1.5 
1.54-0.5 
1 4-0.5 

TABLE 5 

Mult ipolar i t ies  a n d  m i x i n g  ra t ios  

E 7 
(keY) 

69.7 
75.3 
83.4  
89.4 
97.5 

103.2 

6.8 

0.72 

4) F r o m  ~K and  K 

L n l  

10.9 

0.72 

L .  

L x + L I I  

L m  

12.4 

1.72 

4 
30 

Mult ipole 
a s s i g n m e n t  

98.4 % M 1 + 1 . 6  % E2 
(El )  4) 

64 % M 1 + 3 6  % E2  
M I + E 2  ~) 

(El )  4) 
98.9 % M I + I . 1 %  E2 

TABLE 6 

K / L  ra t ios  

0 .01604-0.0020 

0.56 4-0.20 

0.011 4-0.003 

E 7 
(keY) 

69.7 
83 .4  
89.4 

97.5 
103.2 

L e e  

a n d  
K a t z  11) 

3.8 

6.2 

M a r t y  lo) 

> 4 . 4  

6.2 

G r a h a m  
a n d  

W a l k e r  " )  

4.6  

Moussa  
and  

M o n n a n d  is 

7.2 

7.0 

Be rns t e in  
a n d  

Lewis '*) 4) 

1.7 

P r e s e n t  
work  

5.5 
1.8 
3.5 c) 

6 
6.1 

Theore-  
t ical  b) 

6 
2.2 

M1 7.5 
E2  0.9 

6.7 
6.6 

4) Cou lomb  exci ta t ion .  
b) Ob ta ined  a s s u m i n g  t h e  mul t ipo la r i t i e s  and  m i x i n g  ra t ios  g iven  in  table  5. 
e) See foo tno tes  b) a n d  e) of t ab le  4a. 
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Class and  Meyer-Berkhout  2o) are 1074-2 keV and K / L  = 2.2. These agree 
wi th  the values we have obtained.  This  t ransi t ion goes f rom the  190 keV 
level to  the 83 keV level. If  our  108.0 keV t ransi t ion is identical  wi th  the  
above  ment ioned  one, the energy of the 190 keV level would be 191.44-0.2 keV. 
According to Bernstein and Grae tzer  the  in tens i ty  of the K 190 conversion 
line relat ive to the L conversion line of the 109 keV transi t ion is 0.924-0.05 
and  this is abou t  the lowest in tens i ty  tha t  we could distinguish above the  
background.  This accounts for the  fact  t ha t  the 191.4 keV transi t ion was no t  
observed  in our  experiments.  

A group of weak conversion lines is found  at  an electron energy of 56 keV. 
This  group is composed of at  least  three  lines. In  table  4b we repor t  a decom- 
posi t ion into four  lines. Since we have  seen a group of lines in the  ex te rna l  
conversion exper iments  at  an energy corresponding to  105 keV, we assume 
in table 4b t ha t  these lines are K conversion lines of g am m a  rays  of energies 
of 104.3 to 104.9 keV. However ,  we canno t  exclude the possibil i ty of the  
existence of L conversion lines in this group corresponding to  a t ransi t ion of 
about  64 keV. 

Another  two weak lines appear  a t  e lectron energies of 30.84-0.2 keV and  
122.7-4-0.1 keV (intensities 2 ×  10 -4 and  1 × 10 - I  of the  K 103.2 line). The  
first  one is e i ther  a 79.4 keV or a 39 keV gam m a  transi t ion,  the  second one is 
p robab ly  a 171.2 keV gamma  transi t ion.  

The  region a round  K 530 has been measured  in in te rna l  conversion b u t  no 
line with an in tens i ty  higher t h a n  2 par t s  in 104 could be seen. 

The  present  measurements  are in general  agreement  wi th  the  low energy  
par t  of the earlier decay scheme shown in fig. 1. (See also fig. 7.) We have  
found  all the  lines seen in the Gd ls3 decay,  except  the  conversion lines of the  
14 and  19 keV transi t ion,  which did not  fall in the  region of our  measurements .  

3. P h o t o  C o n v e r s i o n  

3.1.  S O U R C E  A N D  G E O M E T R Y  

The  iron yoke  double focusing spec t romete r  was also used to  s t u d y  the  
ex te rna l  conversion spectra.  Several  runs  were per formed wi th  the  89.6 % 
isotopically enriched samarium oxide. 50 to  70 mg of the oxide were enclosed 
in a spectroscopical ly pure a luminium capsule. The  inner dimensions of the  
caosule were 2.0 mm diameter  and 20 m m  length.  The  wall thickness was 
0.2 mm.  The  capsule was i r radia ted  in the Stockholm reac tor  wi th  a f lux of 
(2 to  3) x 1012 neutrons  (cm 9~. s) -1 for periods of about  one week. The sources 
had  activit ies in the range of 200 to 500 reCur. The a luminium capsule 
was enclosed in a copper tube  with a wall thickness of 0.4 m m  to s top the  
electrons emi t t ed  b y  the source. The  mean  source- to-conver ter  d is tance was 
1.8 mm.  The  background measurements  showed during the  first  hours  a 9 h 
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half-life component which was at t r ibuted to an Eu 152m impurity. The beta 
spectrum of this isotope has high energy electrons, which were not stopped 
by  our 0.4 mm thick copper absorber. Later  on the very pure enriched sama- 
rium oxide (99.06+0.05 % Sm 152) was used and no' 9 h activity could be 
detected. When this source had decayed more than 9 half-lives, several scintil- 
lation spectra were taken, which showed the presence of a very weak long half- 
life act ivi ty (12 y Eu152+16 y Eum) .  However, the intensity of the strongest 
lines of these impurities was computed to be about 1:30 of the weakest line 
observed in the external conversion spectra, when the measurements started. 

Because of the weakness of the high-energy lines it was considered necessary 
to increase the source strength in the final measurements. In order to avoid 
too high activities the geometry was also improved. An aluminium capsule 
of 1.0 mm diameter and 16 mm length (inner dimensions) inserted in a copper 
tube of wall thickness 0.5 mm was used. The mean source-to-converter distance 
was reduced to 1.3 mm. In this way it was also possible to make a careful 
s tudy of the low energy region because of the small correction for source ab- 
sorption. Rectangular converters, 20 mm high, were used. In most of the ex- 
periments the width was 4 ram, but  when a resolution better  than 0.4 °/o was 
required, the converter width was 2 mm. An amount of 10 mg of the highly 
enriched samarium oxide was irradiated for 65 hours in the Ris0 reactor with 
a flux of 9 × 1013 neutrons per cm 2- s. When the measurements started, the 
act ivi ty of the source was about 5 Cur. 

3.2. T H E  G A M M A  E N E R G Y  R E G I O N  F R O M  60 TO 200 k e V  

The photo conversion method has been very seldom used for gamma 
energies below 150 keV in nuclear spectroscopical studies. The present in- 
vestigation shows that  the method can with some care be successfully applied 
to energies well below 100 keV. However, more information on the angular 
distribution and the cross section of the photo-electric effect in the different 
shells is needed to obtain more accurate intensity data. 

A large number of converter materials (U203, Pb, Au, Pt, Yb, Sn, Ag) 
with thickness varying from 0.2 to 2 mg/cm 2 were used. Most of the converters 
were prepared by  evaporating the material in vacuum onto 2 mg/cm 2 alumi- 
nium strips. The thickness was determined by weighing. The uranium oxide 
converters were prepared by  the painting technique m). Uranium nitrate was 
dissolved in amylacetate and painted with a brush onto a stainless steel 
foil of 8.5 mg/cm 2. The foil was put into an oven (6000-700 ° C) for one or two 
minutes. This operation was repeated several times brushing each time in a 
different direction and rubbing the surface with a soft paper after the foil 
was taken out of the oven. The thickness was determined by  weighing. 

Below 150 keV the medium-Z converters proved to be more convenient 
than high-Z ones. With the lat ter  it is necessary to use the L conversion lines 
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and this makes the energy and intensity determinations more difficult. Further-  
more the photo-electric cross-section for each L line is one order of magnitude 
smaller than for the K line. This compensates for the lower photo-electric 
cross-section of the medium-Z converter. For Er  < 100 keV we have about 
the same values for a e ( Z  = 92) and aK(Z = 53). The best results were ob- 
tained with a 0.25 mg/cm ~ Sn converter. The resolution was 0.7 % for the 
K 69.7 line and 0.5 % for the K 103 line. The gamma energy region between 
150 and 200 keV, where only weak lines were expected, was studied with 
a 1.3 mg/cm * Sn converter and also with a 2 mg/cm 2 UgO 3 converter. The 
resulting spectra are shown in figs. 3a and 3b and the energies and intensities 
are collected in tables 7 and 8. 

The results obtained with the converters of other materials (particularly 
the spectra obtained with a 0.3 mg/cm 2 Yb converter) agree with the presented 
ones, but  less information could be obtained from them. 

3.8. INTENSITY DETERMINATION OF LOW ENERGY GAMMA RAYS 

The method of Hultberg 23) is applied to compute the gamma intensities 
from the external conversion spectra. The gamma intensity is proportional to 

A A aT 
17 oC 

/aK /aT aK 

where A is the intensity of the observed K shell photo-electron line and / is 
the correction factor computed by  Hultberg ag). The /-factor corrects for 
photo-electric angular distribution, source and converter dimensions and for 
gamma ray absorption in the source and electron absorber. Rather  accurate 
values for the total  photo-electric absorption coefficient a T = a K + a e + a M + . . .  
may  be obtained from the tables of G. White Grodstein 2a). However, more 
precision measurements of the ratios between the cross-section of the different 
shells are needed. For  ~nergies above 300 keV the ratio aw/a K seems to be fairly 
constant ~2, 24). In such a case we may drop this factor since we are only 
concerned with relative intensities. For lower energies, some variation of 
aK/a T ~ 1-- (aL+aM)/a T has been reported 2,). Hultberg obtained the following 
ratios in his external conversion experiments with uranium converters: 

a l ia  K ---- 0.19-4-0.00-7, aM, /a  L = 0 .38 - -~0 .02 ,  (aL-Jf-aM,)/a T = 0.20+0.006, 

where a M, = aM+aN+ . . . .  These values were reported to be independent of 
energy in the energy region 400 to 1300 keV. Some other measurements of 
these ratios for different energies and Z values are reported ~ 26), but  the 
information is very scarce for low energies. Grigor'ev and Zolotavin u) have 
recently given the ratios for high-Z material aL/ai¢ ,~ 0.18, aM/a  L = 0.294-0.04 
and thus (aL+aM)/a T ~ 0.18. This last ratio seems to increase to about 0.22 
when going down to about 150 keV. Stobbe's ,0) theoretical formulas agree 
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TABLE 7 

Photo conversion results of low energy gammer rays 

Adopted 
transition 

energy 
(keV) 

E e 

(keY) 

Transition 
energy 

calculated 
from external 

conv. line 
(keV) 

A7 

69.672 4- 0.006 

75.34 -/-0.04 
83.37 4-0.02 
89.47 4-0.64 
97.45 4-0.64 

103.1754-0.004 

151.5 4-0.3 
172.8474-0.010 

40.464-0.03 
65.4 
46.174-0.04 
54.214-0.04 
60.34 4- 0.06 
68.324-0.05 
93.2 
74.054-0.05 
99.0 
75.8 4-0.3 

122.4 4-0.3") 
143.57 4- O. 1 

K 
L 
K 
K 
K 
K 
L 
K 
L 
K 
K 
K 

69.67 
~69.7  

75.37 
83.41 
89.52 
97.52 

~97.5  
103.25 
103.3 
105 
151.65 
172.77 

4 428 
410 
125 
105 

75 
330 

5 173 
2 360 

170 
7. 

25. 

(b /~e r  C~mrn:~ intensity 

atom) /7  

130.0 1 9204-120 

109.3 6 5 + 8  
101.8 5 8 ± 8  

96.8 434-6  
89.9 2074-10 

85.6 10 0004-300 

85.0 115+15 
54.4 8 + 2  I) 
43.5 33-4-4 

Total 
tr~nglt~on 
intensity 

(17(103.2) = 10 000) 

11500  

95 
410 
270 
290 

27 600 

~ 4 4  

J) The K 172.847 line was used as energy calibration and for normalizing the intensity. 

TABLE 8 

Photo converbion results of high energy gamma rays 

Adopted 
transition 

energy 
(keV) 

E e 

(keV) Converter 
Convers. 

shell 

Transition 
energy 

ca lculated 
from external 

cony. line 
(keV) 

Galnma 
in ten~ty  

(xr (103.2)=1o ooo) 

151.5 4-0.3 

172.8474-0.01 

411.5 4-0.5 

424.3 4-0.5 
437.7 4-1.0 
449.7 4-0.7 
463.6 4-0.2 

521.3 4-0.2 
531.4 ±0.25 
533.2 4-0.3 

539.1 4-0.3 
555.2 -4-0.4 
578.6 4-0.4 
596.9 4-0.25 

(598.2 4-0.3) 
603.1 4-0.3 
609.1 4-0.3 
636.0 4-0.5 

129.62±0.3 
133.484-0.3 
151.02+0.3 
155.284-0.3 
167.2 4-0.6 
295.934-0.5 
392 
308.7 4-0.5 
322.1 4-1.0 
334.1 -4-0.7 
348.034-0.2 
441.914-0.3 
405.75-4-0.25 
415.81-4-0.25 
417.60±0.30 
510.6 
423.584-0.25 
439.6 4-0.4 
462.974-0.4 
481.354-0.25 

(482.644-0.30) 
487.464-0.30 
493.45 4- O. 30 
548.034-0.5 

UtOt 

Pb 

Lx+Ln 
Lm 
L , + L n  
Lm 
M 
K 

K 
K 
K 
K 
I~+I~, 
K 
K 
K 

K 
K 
K 
K 
K 
K 
K 
K 

~151 
150.7 
172.4 
172.45 
172 
411.5 

~412 
424.3 
437.7 
449.7 
463.63 

~ 4 6 3 . 6  
521.35 
531.4I 
533.20 

531 --533 
539.11 
555.2 
578.57 
596.95 

(598.24) 
603.06 
609.05 
636.64 

1 . 4 ~ 0 . 3  

1 . 3 ~ 0 . 3  
1 . 0 ~ 0 . 3  
1 .1 ~0 .3  
5.510.6 

2.5-4-0.3 
23 + 2  
12 :h i  

6 . 2 ~ 0 . 6  
1 . 8 ~ 0 . 5  
1 . 0 ~ 0 . 3  

4 . 4 i 0 . 5  

1 . 4 ~ 0 . 2  
4 . 2 ~ 0 . 5  
1 . 8 ~ 0 . 5  
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with this increase, but  his values are 0.12 at 840 keV and 0.14 at the K edge 
(Z = 92). Finally the absorption measurements ~3) at the K edge in uranium 
yield the value ( a i . + a ~ s + . . . ) / a T =  0.134. These discrepancies may be 
explained in part  b y  the fact that  the angular distribution was not taken 
firlly into account in all the experiments. However, they do not influence 
very much the value ax/a T = 1- - (aL+aM+ . . . ) /aT,  which can be considered 
as constant to within 7%. For lower Z values, both theory*6) and experiment*4,*e) 
agree that  alia T decreases with decreasing Z, so that the influence of alia T 
on ax/a T becomes still smaller. For silver (Z = 47) Grigor'ev and Zolotavin 
report (aL+aM)/aT ---- 0.10 and they observe a slight increase to about 0.15 
for energies near the K edge. Similar values may be expected for tin (Z = 50). 

The absorption data at the K edge yield for tin (aL+aM+ • • .)/aT ---- 0.125. 
Hence we may conclude that the variation in aX/aT with energy is only a 
few percent for tin. 

The factor I in the formula takes into account the angular distribution of 
the photo-electrons, the absorption of the gamma rays in the source and 
absorber and the geometry of the source and converter arrangement. We have 
used Hultberg's  formulae and the angular distributions he has given for the 
photo-electrons produced in uranium converters by  gamma rays of 159, 
208, 279, 412, 661, 1118 and 1382 keV. I t  was assumed that the actual cylin- 
drical geometry of source and absorber could be replaced in the computations 
b y  a plane geometry. The source was considered to be rectangular with its 
width equal to its actual diameter. The plane absorbers had the following 
thickness: (0.4 mm Cu)+  (0.2 mm A1). This difference in geometry should not 
affect the results very much, except for energies below 100 keV where the 
absorption plays an important role. Coherent scattering was not included 
in the absorption, since elastically scattered gamma rays may produce con- 
version electrons that  contribute to the photopeak. Since the difference in the 
absorption coefficient with and without coherent scattering is less than 10 %, 
its contribution was considered negligible. 

Still another fact has to be taken into consideration when converters other 
than uranium are used. I t  is assumed that  the angular distribution of the photo- 
electrons is dependent on the photo-electron energy, but  not on the Z value 
of the converter material. The theoretical differential cross-section derived 
by  Sauter *~) is only a function of the velocity v of the electron and of the 
direction of emission. However, the approximation Z/(137v×c-1)<< 1 is 
included in Sauter's formulae. The largest departures from the theoretical 
distribution should be expected for high-Z elements. Actually the experimental 
distribution found by  Hultberg for uranium differs from the theoretical one, 
but  the departure of the [ factor due to this fact is probably not larger than 
the other systematic errors introduced in the intensity computations in the 
low energy region. The foregoing assumption means that  if we plot / as a 
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function of the conversion electron energy, we may  use the same curve, 
regardless of the converter material. However, the absorption of the cor- 
responding gamma rays in the absorber is different in each case, since the 
energy of the gamma ray that  produced a photoelectron of a certain energy 
depends on the binding energy of the converter material. Hence we obtain 
one / curve for each Z value. This absorption lowers the value of / below 
100 keV rather much; at 70 keV, ] is reduced b y  more than a factor 3. The 
errors in the determination of the absorber dimensions do then have an in- 
creasing importance. 

The discussion given above shows that a systematic energy dependent 
orror is to be expected in the intensities of the low energy region. This error 
is not included in the errors quoted in table 7. The fact that  the conversion 
coefficient aK of the 69.7 keV transition relative to the aK(103.2 keV) agrees 
within 10-15 % with the values obtained in other experiments (see sect. 4), 
indicates that  this systematic error is probably not much larger. Furthermore, 
when comparing neighbouring lines, only the error given in table 7 is the 
important one. 

3.4. RESULTS OF THE LOW ENERGY PHOTO CONVERSION MEASUREMENTS 

Most of the lines identified in the internal conversion experiments are also 
found in the external conversion measurements. In addition the spectrum 
shows the L conversion lines of the X-rays: Kg, Kfl' I and Kfl'~. The line at 
105 keV contains two or more gamma transitions and confirms that at least 
part of the lines in the group found at about 56 keV in the internal conversion 
spectra axe K conversion lines. The mean gamma energy of this group of lines 
seems to be about 0.4 keV higher when computed from the external con- 
version spectrum indicating different intensity distributions of the groups. A 
new gamma ray is found at 151 keV. (The internal conversion K line of this 
gamma ray cannot be seen, since its energy corresponds to the N, 0... lines 
of the 103.2 keV transition and the internal conversion L line was too weak 
to be observed.) When uranium converters were used, the L conversion lines 
of the 172.8 keV and the 151.5 keV transitions were found (table 8). The low 
energy photo conversion results are collected in table 7. The relative intensifies 
obtained in the internal conversion measurement have been related to the 
intensities of the photo-conversion measurements by giving to the K 103.2 
conversion coefficient the theoretical value corresponding to the experimental 
mixing ratio. In this way the total transition intensities have been calculated. 

3.5. T H E  R E G I O N  FROM 220 TO 770 keV 

Uranium oxide converters of 2.0, 3.3 and 6.0 mg/cm 2 were used generally. 
Lead converters were employed to discover possible K converted gamma rays 
masked b y  stronger L conversion lines. In this way  it was possible to oh- 
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serve the 636 keV transition. Figs 4a, b, c and d show the spectrum measured 
with 2 mg/cm 2 converters. The weak lines were taken with a 4 mm wide 
converter and the spectrometer baffles adjusted for 0.4 % resolution. The 
stronger lines were recorded with a 2 mg/cm*, 2 mm wide converter with the 
spectrometer adjusted for a resolution of 0.18 % (if no energy loss is present). 
With this setting a resolution of 0.27 % was obtained at 530 keV. At electron 
energies below 103 keV a very strong background due to scattering and con- 
version in the absorber is present. This prevents the detection of weak K con- 

COUNTS/300 s 

8®1 
2 mg/cm ~ u,o, 

400: 578.6 K 

2~ " - ~ - ~  - . -  

COUI' 

800- 

600- 

4OO- 

200- 

Oi . . . . . . .  
3850 3900 

TS/600 s 2 mg/cm z ~ O, 
597.0 K 609.1 K 

603JK J~t 

. . . . . . . . . . . .  395o 4o0o 4&o" ~ 

F i g .  4c .  P h o t o c o n v e r s i o n  s p e c t r u m  (2 °/oo r e s o l u t i o n  s e t t i n g ) .  

COUNTS/3GO s 
I ~ 4mglcm 2 Pb 3.3mglcm 2 ~Os 531.5--5332 

400 636.0 K L,~L. L, 

t ~ x  o 

Fig. 4<1. Photoconversion spectrum (4 °/0 o resolution setting). 

version lines of transitions below 219 keV when uranium converters are used. 
However, the L conversion lines belonging to the 151 and 172.8 keV transitions 
are seen clearly, but  a large energy loss is present if a 2 mg/cm 2 converter is 
used. This is evident both from the shape of the lines and from the fact tha t  
the tops are shifted to lower energies by  almost 0.5 keV. 

The K 172.8 line (Sn converter) is observed in the low energy run and the 
L 172.8 line (U,O 3 converter) is observed in the high energy run. The relative 
gamma intensities obtained in both runs were related using the value 
aL/a K = 0.19=J=0.007 given by  Hultberg ,2) for uranium. We found 

Iv(531-}-533) _ ( 3 3 i 7 )  × 10 -4. 
1~(103.2) 
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Since the ratio aL/a K is not accurately known, and the intensity determinations 
of the 172.8 keV lines contain rather large errors, another calculation was 
done using the data obtained from scintillation spectra taken with a multi- 
channel analyser. Only the aluminium shielding necessary to stop the electrons 
was used in front of the 3.8 cm×3.8  cm NaI(TI) crystal and the absorption 
of the gamma rays was taken into account. I t  was found that  the intensity 
ratio between the lines in the region 520 to 640 keV and the 103.2 keV gamma 
ray is (56 i7 )  × 10-4. Values reported by previous investigators are given in 
table 10. Using the relative high-energy intensities from the external con- 
version measurements we obtain 

I7 (531+533)  = (40-{-10) × 10-4. 
Ir(103.2) 

The agreement between the determinations with the two methods was con- 
sidered satisfactory. A value of 35× 10 -4 was used to match the low and high 
energy intensities given in tables 7 and 8. 

3.6. RESULTS OF THE HIGH ENERGY PHOTO-ELECTRON MEASUREMENTS 

The results are summarized in table 8. A number of lines not reported up 
till now have been detected. The 530 keV and the 600 keV gamma rays reported 
in earlier works are seen to be composed of several lines. The region between 
636 keV and 770 keV was carefully studied with a 6 mg/cm 2 uranium converter, 
but no line was found. Gamma rays eventually existing in the region 636 to 
770 keV and not reported in table 8 must have an intensity smaller than 
1 × 10-4 of the intensity of the 103.2 keV gamma transition. 

The 600 keV group is composed of three gamma rays of energy 596.9, 
603.1 and 609.1 keV, but the first seems to be double with an additional, 
weaker gamma ray at 598.2 keV. 

Numerical sum relations of the type E I + E  ~ = E 3 + E  4 = E s may give 
some information about possible high energy levels in Eu xm. The energies 
obtained from the external conversion experiments for a group of four gamma 
rays suggest within the limit of errors the existence of a level at 636.4 keV 
which decays to the 172.8, 103.2, 97.5 keV levels and to the ground state 
through the following transitions: 463.6, 533.2, 539.1, 636.0 keV. Two levels 
at 706.4 and 694.3 keV respectively are also suggested decaying by two pairs 
of cascading gamma rays 609.1+97.5 and 603.1+103.2 keV from the first 
level and 596.9+97.5 and 521.3+172.8 keV from the second. No relationship 
of this type could be found for the strongest high energy transition (531.4 
keV). The seven other lines found above 400 keV have an intensity smaller 
than 2 × 10-4 of the 103.2 keV line. None of them can be placed in the present 
decay scheme from sum relations only. 
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4. Conversion Coefficients 
Relative K conversion coefficients are calculated from the internal and 

external conversion intensities (table 9). The values are normalized b y  giving 
to ~K(103.2) its theoretical value for the multipole mixture obtained from 
its L subshell ratios given in table 5. Thus the obtained experimental con- 
version coefficients can be directly compared to the theoretical conversion 
coefficients. The theoretical values have been obtained using the mixing ratios 
determined from L subshell ratios whenever these ratios could be measured. 

The fact that  the experimental K conversion coefficients of the 89, 83, 
75 keV differ from the theoretical values is) twice the given statistical error 
cannot be considered too significant. For the 69.7 keV transition we get 10 
smaller value, and this may  be partially accounted for some systematic 
error in the external conversion method, when it is applied to low energies. 

We have also performed a determination of the conversion coefficients 
~K(69) and ~K(103) using gamma-gamma coincidence measurements. When 
we select the 69.7 keV gamma ray in one channel, we obtain in the coincidence 
spectrum the 103.2 keV gamma and the KX-rays (w i th  an intensity 
~KCOt, I~(103)). Other contributions to the X-rays are negligible. Absorption, 
escape peak, and efficiency of the coincidence circuit were taken into account 
in the computation of the intensities. The fluorescence yield cot, was taken 
equal to 0.91 (ref. ~1)). Our result was 

~K(103.2) ---- 1.50±0.15. 

In a similar way  we obtained 

~ K ( 6 9 . 7 )  ~--- 4 . 5 - { - 0 . 4 .  

Values of the 103.2 keV K conversion coefficient reported b y  earlier in- 
vestigators are given in table 9. They seem to group around two values: 
0.65 and 1.1. The first group of values is in complete contradiction with the 
present measurements. The second group have ~K values somewhat lower than 
ours but  indicate a rather pure E2 transition. The present value 1.5 fits with 
the assumption of a pure M1 transition, and agrees with the 62 value obtained 
from K/L and (LI-~L~I)/L m ratios. 

Authors  

Beckman 7) 
Mc Cutchen •) 
D u b b e y  st  el .  s) 
Anderson  ~)  
Klove et el. ss) 
Marry lo) 
Sund and  Wiedenbeck u)  
P resen t  work  

TABLE 10 
Rela t ive  g a m m a  intensi t ies  (I10s. s ~ 100) 

Method 

c rys ta l  sp.  
propor t ,  counter  
scint .  
scint .  
scint .  
scint.  
scint .  

69.7 

9 
20 
25 
10 
31 

13 
19 

172.8 I 

I 

0 . 0 7 3  

0 . 1 4  

0 . 1 8  
0 . 3 3  

463 530 60O 

0.5 0.1 
0.15 0.036 

0.31 0.08 
0.7--1.0  

0.05 0:48 0.1 
0.055 0.44 0.12 
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5. E l ec t ron-Gamma and B e t a - G a m m a  Coincidence Measurements  

5.1.  INSTRUMENTAL CONDITIONS 

The aim of our coincidence measurements was to find some high energy 
levels of Eu 1~ and specially to confirm the existence of the 636.4, 694.3 and 
706.4 keV levels suggested in subsect. 3.6. A quantitative analysis of the 
coincidence data was performed in order to be able to give to the stronger tran- 
sitions a unique position in the decay scheme. 

The measurements were performed with a magnetic lens spectrometer 37) 
and a gamma scintillation spectrometer with a 6.4 cm diam. by 5.1 cm height 
NaI(T1) crystal. The magnetic spectrometer was set at a resolution of 4.8 %. 
The electron lines to be selected, K 97.5, K 103.2 and L 69.7, were then clearly 
resolved. . :: !~-:: 

The gamma spectrum coincide~i[i~th the selected electron line w a s  collected 
in a RIDL 400-channel pulse-height analyser. A resolving time of 23 = 5 × 10 -8 
sec was chosen in the coincidence circuit in order to obtain a constant coin- 
cidence efficiency over a wide gamma energy range (150 to 700 keV). Single 
spectra were taken after each q ~ [ d e n c e  run, without observing any cali- 
bration shift. When the high ener~?gamma spectrum was studied, an absorber 
of 0.5 mm lead and 0.5 mm tin was used to reduce the intensity of the strong 
low energy lines. The. source-to-crystal distance was then 29 ram. The low 
energy single gamma ray spectra were taken at a distance of 91 mm and without 
any absorber. The source was located in an aluminium cup of 0.7 mm wall 
thickness, open to the spectrometer vacuum tank. The cup, and the NaI 
crystal can and reflector, material were sufficient to stop all the electrons. 
The source was obtained irradiating isotopically enriched Sm,O s in a flux 
of 2 × 10 t* neutrons per cm* •sec. After irradiation it was evaporated onto 
a 0.7 mg/cm* aluminium foil. 

5.2. Q U A N T I T A T I V E  A N A L Y S I S  O F  T H E  C O I N C I D E N C E  S P E C T R A  

In an electron-gamma coincidence experiment we focus a line u in the 
electron channel and obtain the gamma spectrum coincident with u. We call 
Ne(u; v) the number of counts obtained by integrating the coincidences 
registered in a photopeak. Random coincidences and Compton backgrounds 
from other lines coincident with u are previously subtracted. Then 

NeCu; v) ----  jv n.  vaCu; v) =  jvv  Cu)aCv; u), 

where N u is the number of counts belonging to the line u accepted by the 
electron channel {N u is generally the peak-counts of a conversion line; back- 
grounds are subtracted), N v the number of counts integrated over the photo- 
peak (backgrounds subtracted) that  is accepted by- the  gamma-channel, ee 
the efficiency of the coincidence circuit, ~v the crystal efficiency, ~v the photo- 
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peak-to-total ratio (corrections due to escape peaks of the low energy gamma 
rays must be included), av the gamma ray absorption factor = e-m, co the 
transmission of the beta spectrometer, Gt (u) the conversion coefficient correspond- 
ing to u, ~(u; v) the fraction of transition u coincident with gamma tran- 
sition v, ~(u)J(v; u ) =  o~(u)[I(u)]I(v)]~(u; v) the fraction of transition v 
coincident with transition u, selected in the beta spectrometer, I the gamma 
intensity. 

The quantities 6 can be calculated from transition intensities, conversion 
coefficients and an assumed decay scheme. The experimental values of 
obtained from the coincidence measurements then test the validity of the decay 
scheme assumed. The quantities (5 may be obtained either from the first or 
from the second equation. We preferred the second since eo was known with 
higher accuracy than ~vevav, and two different source-to-crystal distances 
were used. 

In general more "than one line is accepted in the electron channel; then we have 
No ~ ~uNu, where N ,  are the counts corresponding to each of the lines u 
that  contribute to the counts N O . We may also have, both in the single gamma 
spectrum and in the coincidence spectrum, a group V of unresolved photopeaks 
which cannot be decomposed into its components (N v = ~vNv). In such a 
case we have for the whole group V coincident with U: 

Nc(U; V) = X Ne(u; v) = ec X Nur/vevav(5(u; v) ----- ee X Nveoot(u)8(v; u). 
U~ V Uj V U t V 

These equations cannot be solved to obtain the quantities (5, since we know 
Nu,  N v and Ne(U; V), but not Nu, Nv and No(u; v). However, the values Nv 
may be computed if the gamma intensities of the different lines composing 
V are known from another experiment (in our case, the external conversion 
measurements). These intensities can be transformed into photopeak intensities 
taking into account crystal efficiency, peak-to-total ratio, escape peak, ab- 
sorption, etc.; the number of counts N v corresponding to each line in the group 
with N v counts is then easily obtained. When ev~vav can be considered constant 
for the lines of the group, we may write directly N v = Nvlv /~ , , I  v and then 

XIva(v; u) 
Ne(U; V) = ecNvea X or(u) v 

u ~ I v  
v 

In many cases it is possible to separate the contribution to Ne due to different 
radiations in the electron-channel and then No(u; V) is determined. 
In our case the contribution due to the continuous beta spectrum 
was obtained by measuring the spectrum coincident with the electrons of 
energy above the L 69.7 line. The contribution from L 69.7 and K 97.5 in 
Ne(K 103.2; 530) could be neglected because Nc(L 69.7; 530) and Ne(K 97.5; 
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530) are much smaller; when measuring Ne(L 69.7; 530) or Nc(K 97.5; 530) 
the contribution of K 103.2 to Nc could be computed from the preceding 
measurement. Another experiment was done to estimate a possible contribu- 
tion due to the K 105 transition. The magnetic spectrometer was first set to 
select an energy around the  K 105 line and then a second coincidence spectrum 
was taken with the spectrometer set at the low energy slope of the K 103.2 
line, so as to have the same single counting rate in both cases. No difference 
was observed in the shape of the coincidence spectrum, showing that the 
105 keV line has a small contribution, if any, to the coincidence spectrum. 
The transmission co in our beta  spectrometer is known with an accuracy of 
10 to 15 % from many earlier experiments and is rather insensitive to small 
changes in the size of the source. Th e t.mnsmission is energy dependent because 
of the variation of the line shape with energy. We have, however, assumed 
to to be a constant considering that all the measured conversion lines are rather 
close: Furthermore no big change is to be expected in to for' the L and the K 
conversion lines with the resolu t ionused  in the experiment. 

The half-life of all the levels involved in the experiment was considered to 
be short compared to the 2~-value of the coincidence circuit. This is actually 
the case for the 97.5, 103.2 and 172.8 keV levels 29, 3o, 42, ,3) 

5.3. R E S U L T S  O F  T H E  E L E C T R O N - G A M M A  C O I N C I D E N C E  M E A S U R E M E N T S  

The electron-gamma coincidence spectra are shown in fig. 5. The coincidence 
counting rate corresponding to photopeaks in the 460, 530 and 600 keV 
regions are reported in table 11. This counting rate has been corrected for 
contributions from other coincidences than those produced by  the rays quoted 
in column one and two of table 11. The experimental values 

Ne(u; V) •Iva(v;  u) 
- -  = v 

N v e c O  X Z v  
v 

are compared to the values calculated assuming the decay scheme in fig. 7. 
The values obtained by  placing some transitions in another way into the decay 
scheme are given in the last column. 

There is a reasonable agreement between the values in column 4 and 5, 
that  is between the experiments and the proposed decay scheme. Comments 
on some details are however needed. The low value obtained for the ex- 
perimental ~ (103.2; 69.7) might be partially due to a sma[1 change coincidence 
efficiency for the low energy gamma rays. The analysis shows that the 531 
and 533 keV rays go to the 103.2 keV level bu t  not the ground state, nor to 
the 97.5 keV or the 172.8 keV level. A comparison of the line Shape of the 
coincidence peak (K 103.2; 530) with the annihilation peak of Na 2. shows a 
small contribution in the 600 keV region. The intensity indicates that  one 
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Fig. 5. E l e c t r o n - g a m m a  coincidence spec t ra .  T he  cu rves  a, b and  c represent :  a - -  Con t r ibu t ion  
of t h e  c o n t i n u o u s  b e t a  s p e c t r u m ,  b - -  R a n d o m  coincidences,  c - -  Con t r ibu t ion  of t he  K 103.2 

line to t h e  g a m m a  s p e c t r u m  coinc ident  w i th  K 97.5. 

TABLE ] 1 

Coincidence resu l t s  

E lec t ron  
t r ans i t i on  

selected 
in t he  be t a  

spec t rome te r  
(keV) 

(u) 

Coinc ident  
g a m m a  

ene rgy  
(keV) 

(v) 

Coincidence 
ra te  

(N e per  10 h) 

ZIv  cS(v; u) ~x(u) 
Xlv 

E xp .  Calcula ted 

N c 

e e to N v 

According  
to proposed  

decay  scheme 

The  s ame  decay  s cheme  
excep t  for the  quo ted  t r an -  

s i t ion to ano the r  s t a t e  

463 1354-50 0.09 4-0.04 0.12 
L 69.7 530 < 7 0  < 0 . 0 0 9  0.0065 0.06 (531 to 172) 

600 < 3 0  < 0 . 0 1 5  0 0.05 (597+609  to 172) 

463 < 1 0 0  < 0 . 0 7  0 0.19 (463 to 97) 
K 97.5 530 / 

600 / 7604-200 0.0604-0.015 0.045 0.123 (531 to 97) 

463 6004-200 0.40 4-0.15 0.52 
K 103.2 530 4 1 2 0 ~ 3 0 0  0.3904-0.085 0.394 0.135 (531 to gr. st .)  

600 2 0 0 ~ 1 0 0  0 .0944-0.05 0.064 0.17 (597+609  to 103) 

L 69.7 103.2 64404-600")  0 .0314-0.005 0.056 

K 103.2 69.7 29104-300")  0.31 4-0.05 0.52 

a) These  two  va lues  give N e pe r  hour ,  i n s t ead  of pe r  10 h .  
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of the weaker lines of the 600 keV group is directly or indirectly feeding the 
103 keV level. Since no coincidences (L 69.7; 600) are seen, we have tentatively 
placed the 603.1 keV line on top of the 103.2 keV level. The 97.5 keV level 
is in coincidence with the 530 and 600 keV regions; the intensity of the first 
one seems to be somewhat lower than the 600 keV region. Intensity con- 
siderations indicate that the two strongest lines of the 600 keV group (569.9 
and 609.1 keV) probably go to the 97.5 keV level. The position given to the 
463 keV line in the decay scheme is supported by the (L 69.7; 7) coincidences. 
Because of the relatively strong contribution of the continuous beta spectrum 
a possible 521.3 keV-69.7 keV cascade can not be excluded. A coincidence 
experiment with K 83 showed that  none of the strong high energy gamma 
rays are coincident with this transition. The weakest lines in the 500 group 
(578.6 keV, 555.2 keV) could not be placed by the coincidence measurements 
and that  is also the case for four weak gamma rays in the 400 keV group, 
each with an intensity of the order of 0.01% (Iv(103.2) = 100 %). 

5.4. BETA-GAMMA COINCIDENCES 

Beta-gamma measurements were performed to obtain an additional proof 
that  the 530 keV transitions does not go directly to the ground state. With a reso- 
lution of 12 % in the beta channel, the coincidences (130 keV; y) and (200 keV; 7) 
were measured. A 530 keV line was clearly seen in the first case, but not in 
the second, where it must be at least seven times smaller. Together with the 
measured Q value of around 810 keV, this means that  the 531 and 533 keV 
transitions both decay from levels above 600 keV. 

5.5. GAMMA-GAMMA COINCIDENCE E X P E R I M E N T S  

Our gamma-gamma coincidence experiments confirm some of the results 
obtained with electron-gamma coincidence. Five coincidence spectra were 
taken: (580-620 keV; 7), (510-550 keV; 7), (420-470 keV; 7), (96-109 keV; 7) 
and (65-73 keV; 7) with an 80-channel analyzer. They are shown in fig. 6a 
and b. The first three spectra show that  the 600 keV and the 530 keV regions 
give coincidences with the 97.5~103.2 keV line, but not with the 69.7 keV 
transition; the 460 keV region is in coincidence with the 103.2 and the 69.7 
keV transitions. In the first two cases the ratio of the 97.5 keV to the 103.2 
keV intensity was computed from the X-ray to 97.5~103.2 keV intensity 
ratio. The 600 keV is found to be mainly in coincidence with the 97.5 keV line, 
the contribution to the 103 keV line is at least to a large extent due to the tail 
of the 530 keV lines. In the (530; 7) spectrum (65 i10)% of the composite 
peak corresponds to the 103.2 keV line. If we assume that  in channel I we 
select only the 531.4, 533.2 and the 539.1 keV lines, then our decay scheme 
gives a value of 70 %. The (463; 7) spectrum shows a still stronger X-ray peak 
compared to the 103.2 keV line because of the presence of the coincident 
69.7 keV line. 
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T h e  (96-109 keV; 7) coincidence spectrum has a similar shape to the single 
spectrum, except for the intensity of the 600 keV group which is somewhat 
higher. From subsect. 5.2 it follows that  N c / N  v oc 1/(l~0~r). This factor is 
larger by  a factor of two for the gamma rays in coincidence with the 97.5 keV 
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Fig. 6. G a m m a - g a m m a  coincidence spectra.  R andom coincidences are subtracted.  

transition compared to those in coincidence with the 103.2 keV ray. As con- 
cluded in last paragraph all the strong lines in the 600 keV region are in 
coincidence with the 97.5 keV line. The 600 keV line should then appear much 
stronger in the coincidence spectrum than in the single spectrum compared 
to the 530 keV lines, just as observed in fig. 6b. The (65-73 keV; 7) spectrum 
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shows clearly the 460 keV line and a contribution of about the same intensity 
in t h e  530 keV region. This is due to the escape peaks of the 97.5 keV and 
103.2 keV lines which both are in coincidence with the gamma rays of the 
530 keV region. 

After we had finished our gamma-gamma measurements, a paper by  Sund 
and Wiedenbeck 33) was published, which shows that a large amount of in- 
formation may be obtained with only gamma-gamma coincidence techniques. 
The authors report several transitions not published earlier. The rays of 154, 
422 and 458 keV may be considered identical with our 151.5, 424.3 and 463.6 
keV gamma transitions; a r a y  at 352 keV is not seen by  us [this means 
I~(352) :< 1 × 10-4×I~(103.2)] and their rays of 67 and 525 keV are obtained 
by  a qualitative analysis of the coincidence spectra which does not agree 
with our conclusions. The accurate energy values, the possibility of resolving 
neighbouring lines in photoconversion experiments and the quanti tat ive 
analysis of the coincidence spectra has led us to a different decay scheme 
for the high energy part. Some discrepancies with Sund and Wiedenbeck's 
work may be explained by  a more quantitative analysis of their results. The 
authors assume the existence of a 525 keV transition to explain the decreased 
intensity ratio of the 535 keV to the 610 keV transition in the coincidence 
spectrum with the 103-97 keV lines, compared to the ratio in the single spectrum. 
The intensity change follows, however, from the fact that  

¢$(530; 103.2) _ (1-+-o¢ T 97.5) 1 

¢$(600; 97.5) --  ( 1 - ~  T 103.2) ~ ~" 

The 67 keV line found by  Sund and Wiedenbeck in coincidence with the 
445-475 keV region is according to our interpretation identical with the 69.7 
keV line. We did not see any 67 keV line either in our internal or external 
conversion experiments. The 103 keV line seen in the 445-475 keV coincidence 
spectrum is, according to these authors, due to the Compton background of 
the 531 keV line, which they estimate to about 40 ~/o of the total counts in 
the 445-475 keV region. Now, if we assume that  the 463 keV ray is followed 
by the 69.7 keV transition, this Compton background contributes to the 
coincidence counting rate in the ratio Nc(lO3.2)/Nc(69.7 ) ~ 1.5 [since 
¢$(530; 103.2)/~(463; 69.7) ~ 2]. However, their coincidence spectrum shows a 
103 keV line which is several times stronger than the 69 keV line, which 
clearly indicates that  the 463 keV region is in coincidence with the 103.2 keV 
gamma ray. I t  is much more difficult to interpret the (172.8; ?) coincidence 
spectrum that  they obtained when the 166-191 keV region was selected, since 
no quantitative analysis is made. This spectrum shows lines at 154, 352, 
422 keV (supposed to be in coincidence with the 172.8 keV line), but  no line 
at 463 keV which is in complete disagreement with our ¢tecay scheme. However, 
this experiment is very difficult to perform. From the branching ratios of the 
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69.7 to 172.8 keY transitions we deduce that  6(?; 172.8) ----Ir(172.8)[Ir(69.7 ) 
× (l~ot T 69.7) ~ 3× 10 -3. Very small coincidence counting rates should be 
obtained; particularly for lines as weak as the 422 keV (if it is identical with 
our 424). The counting rate should be of the order of 10 -4 smaller than 
No(103; 530) for the same geometry, source strength and sampling time. I n  
their spectra Sund and Wiedenbeck have Ne(103; 530)/Ne(172; 422) ~ 5, 
but no information is given for the factors just mentioned. The main 
difficulty comes from spurious contributions in the 166-191 keV channel (Comp- 
ton background, bremsstrahlung, 191 keV line and other weak lines ( 171 keV ?) ). 
If they belong to a cascade with a ~ value of the order of uni ty  they may 
give rise to much stronger coincidence peaks, even if their single counting 
rates in the 166-191 keV channel is very small compared to the 172.8 keV 
line. Hence, it becomes very difficult to draw any definite conclusions from 
their coincidence spectrum. 

6. D i scuss ion  

The proposed decay scheme of Sm is3 to Eu 153 is shown in fig. 7. The transition 
intensities (in transitions per hundred decays) and log/ t  values have been 
calculated assuming the intensity of the beta component to the ground state 
to be 20 %. (See table 1 and ref. 1)). The ground state of Sm 1~ has a directly 
measured 3) spin of I ---- 3. I t  is identified with a single particle state with the 
Nilsson asymptotic quantum numbers {--[521] and has a deformation para- 
meter ~ ~ 0.25. The ground state spin of Eu 153 is also measured directly*, s) 
giving I = {. This state is best characterized with the quantum numbers 
{+[413].  Its deformation parameter is determined to 8 = 0.32-1-0.05 from 
Coulomb excitation work 45), while e3~-~'"ls188 has a ~5 ~ 0.16, stressing the sharp 
increase in nuclear eccentricity when going from neutron number N = 88 
to 90. There are two minima in the curve of energy as function of deformation 
E = E(6), and the shift from one minimum to the other occurs when the 
neutron orbital { +  [660] is filled. This shift of minimum in going from Eu lsl 
to Eu ls3 leads also to the observed increase of Q-value with about a factor 
of two. For Eu lss (N = 90) we may also encounter excited configurations 
with smaller deformation showing up in decreased transition probabilities. 
The asymptotic quantum numbers n, and A are strictly valid or,ly in the limit 
of large deformation. For a 6-value of about 0.3 the calculated states usually 
correspond to the asymptotic states with an accurary of about 90 %. 

The Alaga gamma intensity rules are valid for enhanced transitions but not 
for hindered transitions, reflecting the fact that  the hindered transitions are 
extremely sensitive to very small admixtures in the nuclear wave function. 
We thus expect deviations from the theoretical transition rules both because 
of changes in nuclear deformation and because of configuration mixing. 
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6.Z. LEVELS BELOW 200 keV 

The assignments of the low energy levels in fig. 7 are the same as those 
proposed by  Mottelson and Nilsson in fig. 1. 

The ground state configuration { +  [413] has a { +  rotational member at 
83.37 keV and a probable { +  member at 191.4 keV (cf. discussion on the 
108.0 keV transition in sect. 2). The simple rotational formula without cor- 

key 

800 

700 

600 

z ~ ", ~',,,A] 

(3/2 ½ + ) 
(~2 ~ + [411]) 

500 

400 

300 

200 ~2 s/2 + 

100 

o ~ ~ • [~,3] 
EJ 53 

63 90 

~ -  [532] 

Fig. 7. Proposed decay scheme. Total t ransi t ion intensities are given in transit ions per  hundred 
decays. The log /t values are given in parenthesis. 

rection for interactions gives an energy of 190.5 keV for the { member. The 
energy deviation indicates band mixing. The 97.45 keV level de-excites with an 
E1 transition to the ground state and with an 14.09 keV (El) transition to the 
83.37 keV { +  level. I ts  spin-parity is thus { - -  or { - - .  The only neighbouring 
negative parity single particle state in the Nilsson diagram (fig. 3 of ref. s)) 
is the {--[532] state (approaching the ground state with smaller eccentricity 
if it is a hole state). Mottelson and Nilsson explain the weak beta  feeding to 
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this level as caused b y  a considerable change in the nuclear shape. The de- 
exciting transitions should be strongly hindered by  the asymptotic quantum 
numbers and table 9 shows an increased experimental conversion coefficient 
~K (97.5) compared to a pure E1 transition value. An accurate measurement of 
the L subshell ratios and a half-life determination of the 97.5 keV level would 
be of considerable interest. The 103.17 keV level is best characterized by  the 
single particle level ~-~ [411 ] with its first rotational level at 172.85 keV (I ----- ~). 
The strong transitions of 69.67 and 103.17 keV are both of almost pure M1 
character (98.9 % and 98 .1% M1 respectively). Graham e4 a/. 12) have reported 
that  the branching from the 172.85 keV level to the ground state rotational 
band does not agree with the theoretically expected ratio for allowed tran- 
sitions. Such effects may  be expected as mentioned earlier. 

The half-life o f the 103.2 keV level has been me asure d by  many authors ~9, 30, 4~ 43 ). 
The value T½ = 3.3 nsec by  P. Reyes-Suter and T. Suter together with the 
measured multipolarity (98,9 % M1) gives a hindrance factor of 

2 (theory) 
H m = = 420 

2(exp.) 

for this transition, 2(theory) being Moszkowski's single-particle transition 
probability estimate. 

The half-life of the 172.8 keV level is measured by  Graham and Walker 29), 
who obtained 0.14 nsec. With the multipolarity given in table 5 for the 69.7 keV 
transition we obtain a hindrance factor of 

HMx ~ 12. 

6 .2 .  L E V E L S  A B O V E  2 0 0  k e V  

The positions of the 634.6 and 636.4 keV levels are supported both from 
coincidence data  and from numerical sum relations. The log fl values of the 
beta  branches feeding these levels suggests spins ½, { or {. The 634.6 keV 
level decays strongly to the 103.17 keV level of spin 23-. A weak transition to 
the ground state [Ir(634.6) < 10-1×Ir(531.4)] is probable, but  it would not 
be resolved in our spectrum from the 636.4 keV transition. The other low 
energy levels (with I = ~2, 21, s) are not observed to be fed from the 634.6 keV 
level. Hence its spin is probably ~. The 636.4 keV level decays to all the low 
energy levels except for the ~ and ~ levels. A probable spin assignment would 
thus be ~ or 5. The 634.6 and 636.4 keV levels may then be identified with 
the single particle level 1-t - [411] and its first rotational member I = ~z based 
on it. The intensities of the different transitions involved are in reasonable 
agreement with this assignment except for the relatively strong transition to 
the 97.45 keV level (I = ~--) .  The small separation of only 1.8 keV between 
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the 634.6 and 636.4 keV levels causes a large negative decoupling parameter 

aex p -~-- --0.954q-0.011, 

in good agreement with the theoretical value of 

atheory ~ --0.9 

for ~ ~ 0.26. The decoupling parameter is of special interest since it depends 
on the details of the intrinsic motion and can be explicitly calculated in terms 
of the last odd nucleon. 

The third member (I = ~) of this band will have an excitation energy of 
about 760 keV and would thus be very weakly fed. This position is calculated 
assuming a mean of the moment of inertia of the ground state band 
3h2[J = 71.48-4-0.02 and the band starting at 103 keVwith 3~2L[ = 83.61 q-0.01 
The small splitting of the 634.6 and 636.4 keV levels makes the possibility of 
assigning this band a gamma vibrational character improbable. 

The two levels at 694.3 and 706.9 keV decay mainly to the 97.5 keV level. 
According to the Nilsson diagram for single particle levels of odd-proton nuclei 
the remaining hole and particle excitation levels below about 800 keV are 
5--[523],  ~+[404]  and ~--[541]. The beta  transitions to the first two of 
these levels are second and third forbidden and cannot be excited here. The 
~--[541] state may  be a possible assignment of one of the two levels around 
700 keV and the other level could tentatively be interpreted as a gamma 
vibrational level based on the ~- -  [532] state. Several other levels must however 
also exist to account for the remaining gamma rays observed and not placed 
in the present decay scheme. This may be considered as an indication of 
several vibrational levels excited in this nucleus. 
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