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Fig.1. A part'of summed 

~oinc.idencea kpe~trum . for 
158 · · . I .·. , ··· .. 

Gd. Shaded;areas corre~ 

spend'' to the 'hseful ev~nt~-
. ' .. · . ! . .-. 

Figures over peaks denote 

the.energi~a·: <i~ k:~v >of 

fin~l casc~dellev~la. · 
.' :• I c; 

·"·'.. I. ·,; -· 
I 

The time resolution of the two Ge(Li) detectors .used in 
' ' • . .. ·i 60 ' 

the·experiment was about ( 10.to.12) ns .for a .Co ~~ray 
. ~ !. . .l , ~ ; • 

,source. The time window for. selected coincidences was =40 ns. . ' . . ' ' . 

The germanium detectors h~d efficiencies _of about 5% .. and·.. 10% 

relati~e.to a ·Nai-crystal having~ 76 mm diamet~r-~d 76 mm 
. ' -2 . ' .. · i ·,· .... 

thickne~:~s. Lead filters of 2.5 g.cm .. , are. interposed ,~etween . .. . " . i ......... ' .. 
the germanium detectors to minimize their., .. detection, of the 

,backscattered. y,-quanta5 ). .The, ene~gy· ~esolution:·.~f , ~hese 
' , . . ·, . I .. ·.· ' 

detectors . was about 3. 5 keV at 1332 . keV. i . All . other . ·.. . . .. ' ..... ,_.,. 5 
.·experimental.andtechnical .. details are-given in ref.,). With·' ' ' . . . ' '' i' . ,, . . . . ! -5 
this arrangement we 'had .a total efficiency .. of .'.2x10·., . events . .. . . ·, . ' . ' 60 . '.. « 

• per decay for the 2505 keV sum peak energy of .. 1Co. . . . ' .. ' . !· 

. f, i .. :: 

3, ·Results and discussion '! ••· •. :·. f:y ·•• ~-- ~ 

Eecause of the.smali partial:widths of t~eae cascades . . . . . . . . . . l .. 

and :the small: efficiency of. the Qe(Li)._. detectorJ:J . employed. 
' . . 

·.the acquisition of SACP spectra with . reasonable. s~atistical 
<·. - I 

precision is necessary if _any_ meaningful, measurements are,. to 

~~~:~~~~~::-:;~-~:~ • nt"~- -~ 7· (•i'-'!..-Jr-.(to->.3~-·~ t~i~ri~ h~-,,..,g;_y .. 

· ~ ~~~~~f-l~~~ tt~:c~~!.i!OJ'~Hf:i? 
~ ~ l;lfjSJfi~Jt:~· .. r E!~LX~ 
~" ... -~-!--.._, 



be. made. A part of the measured SACP spectrum for about 400' 

.hours is displayed in fig.1. As an example, the measured 

intensity distribution for a cascade leading to the . first 

excited state in 158Gd is presented in · fig.2"',, T~is 
distribution corresponds only .to coincidences from .. the shaded 

peaks in fig .1. 

The main peculiarity of these spectra is that' for each 

cascade there exists a·pair of photo~peaks having-equal are~s 
. ~ . 

and widths; if the approach of the numerical method to 

improve. the amplitude resolution without losing the 
.. ' . 1 . . . . . ., . ' 

efficiency .) is applied. The absolute intensities of cascades 

are proportional to peak areas and the location of these 
;--'. ' . . . . . ' 

transitions in the ,dec,ay scheme can be E!Stablished 'if the 

cascade energies (determined from peaks po'sitions) are known. 

.The.inten~ity distribution is usually de~omposed into 
"- -·J ... 

two·components: 

1- So~~ dozens of 
'•I. 

intense 

spectra determine the 

peaks; 

cascade 

their positions in the 

transition energies. '.The 

mean energy error, in our data, was <o> = 1.55 keV.- The 

i~tensity of·a given cascade i' ·is defined as the ratio 
.. . . .. . .. , .. ··· . rr .. .. . 
between its area and the total spectrum area. In other 

w~z;ds; it 'is related to·the't~tal'sum over all possible 

c· i.riclU:ding unresolve'd ) cascades which have ; the same 

total energy .. 

' 2.;;; A ~ontiiiuqu~ distribution arising from a . large number ' 'of . 

·l~w-iritimsity.'cascades.:· AccOJ;dirig to our experience,· this 

:Part may have, i.n itself,' aboU:t ( 30 t'o 40 )% of. the total· 

'' 'area'; ~f the spect~um. ~ ' •' ' 

·!~tense,' .and w~'11 'resolved/'cascades afford 'much help 
7

) 

:' iri''th~ -~oristruc:tion of\ the 'decay sche~es for comp,lex ·nuclei 

up to an ex~:l..tation energy of 3'-4 MeV. !tis well established 

that~he information about the final levels, to which the 

cascades decay wH;h' -'two· given·. transitions, considerably 

iric~eiises 'our= confidence in' th.e ''predicted decay scheme:Z). The 

i>rob~bility of a'false·level with;an·enei-gy below.•:3 'MeV·>to, 

appear ir1 the_ decay scheme' does not .exceed 10% -~ if: the. decay 

~chenie; 'ls ~compiled' by the algorithin' given~ in ref. 
7

); .: 

4 

! 
i 

I 

!,,· 

Table 1. 

A li'st of the en~rgies; E
1 

and E2 ; of· ~h~ qasc:ades 

tra~sitions and their. r~lative intensities irr±fiirr· in 

percent of the total. · intensity of the two~ step casc:_ades 

which have the same _tot_al energy. EM±~EM is ~he intermediate 

levels energy excited by the primary transition 

~-------------------,---.-----~-----------~~--;-;-~~:~~-:---------

N E
2

,keV irr (t.irr > EM(fi~M),~ keV 
.. El'keV 

---------------------------------------.--------:-,-:------------
E

1 
+ E

2 
= 7937.4 keV . (. Ef = 0 keV. ) 

1 6980.9 956.6 0.33(0.12) . ' f', 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

27 

28 

29 

6870.6 

6777.0 

6750.3 

6428.4 

6420.3 

6250.9 

6178.5 

5972.5 

5879.8, 

5807.5 

.5725.0 

5678:0 

5670.7 '. 

5577.5 

5320~3. 

5280; 7. 

5263~7' 

5135.2 

5108.8 

5092.7 

·5082~9. 

5059.4·. 

4999.7 

4975-;;6 

. 2969.7. 

4872~7 

4840.6 

3106'.3 

1066.9 

1160.4*) 

1187.2 

1509.1 

1517.2 

1686.5*) 

1758.9 

1965.0. 

2058.0 

2129..8 

2212.4; 

2259 .. 4 ·. 

2267.8 

2359.9 

2617.2 

2656.8 

2673.6· 

2802.2 

2828.6 

2844.7· 

2854.5 

2878.1 

2934.4 ': 

2961.9 

4967.8. ,, 

3064. 7~ 

0.55(0.13) 

1. 74(0:47) 

24.62(1.01) 

0.91(0.25) 

3.15(0.30) 

0.57(0.20) 

0.52(0.20) 

2.68(0.30) ' 

0.39(0 . .35) ' 

0.81(0.30) 

0. 75-to--.28) . ' 

2.18(0.38) 

0.36(0.3~) 

0.98(0.39) 

0 ~ 63( () . 36) 

1.16(0.37). 

0. 63(0'. 36).· 
' ; .... 

1.45(0.32). 

. '0.63(0:3()). 

0.7i(0.3l) 
; . -"" 

0.99(0.31) 

0.54(0.30). 

0.93{0.37) 

1.03(0.36): 

0.54(0 .. 40) 

0.58(0.33), 

3096~~~ 0.72(0.36): 

4831.·1':' 1.40(0.40) 
5 

,··-.· 
1187 .:,2 ( 6) 

1517.2(6) 

( 1965.0). 

" 
(2130.0) 
. ' "1' 

2214.!0(19) 

· 22so.~o<8> 
,.r 

(2360.'0) ., 

2656~9(10) 
•"n••· • ' 

(28~2 0) 

2829 9(11) 

2854~7(9) 
28:78~8(8) 

(2962~0) 
'- l". 

4968J1(23) 
I 

3063n_<19) 

4830j9(9) 

I . 



N 

30 

31 

32 

33. 

34 

35 

36 

37 

38 

39 

40 

41 

42 

1 

2 

3 

4 

5 

6 

7 

8. 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

E1 ,keV 

4654.8 

4646.1 

4481.3 

4430.8 

4412.0 

4367.4 

4336.9. 

4324~5 

4278.6 

4193.9 

4084.8 

E2 ,k~V 

. •. 3281.4 

3291.6 

3456~1 

'3506.6 

3525.5 

3570.1 

3600.6 

3613.0 

3658.9 

3743.5 .. 

3852.9 . 

4012~8 3924~7 

'3987.2 3950;4 

irr (ll.irr >. 

0.42( 0.20) 

'1'.03(0.32). 

'0~60{0:31) 

1. 00(0. 33) 

1.00( 0. 34) 

,0.92(0. 35) 

·"'' '1.08(0. 36) 

·. 1.08(0.37) 

0.89(0.36) 

1.01(0 .. 36)' '· 

0.96(0'.38)· 

0.80(0.3()) 

0.82(0.32). 

EM(ll.EM) ,keV 

(3292.0) 

3570.9(12) 

3600.5(10) 

3659.5(11) 

3923. 3(11) 

_E
1 

+ E
2 

= .··• 7857.9 keV ( Ef·= 79 keN~·) 

69:13. 2 944. 6 2. 30 ( 0. 17) ( 1024. 0) ... 

6756:2 > 1107'.6 • 

6695.,4. . 1162.5 .,;_ 

6672:3 .. ; 1l85 :6 
·64t9!9' 

' ~ '' -' . '':· 1 
•. 6147.::7 

5981.8 . 

5956~6'-' · 

5903.1 

·5785:'1? 

5723.2 

5676;8 > 

··5662~4. 

5653.5 

· 5615~6:; 

5591.6''. 

5571.7 

5543.(8 

.1438~0 
.·•,•. 

1710:1 

t876:o 

1901.9 

. 1954;8 

2o1·L1 
. 2134,6 

2i8Lo ·' ··· 

2195.4 

220,L4' ~ · · 

2242,2 .·• 

2266.4 

2285,.5 .. 

2314.4 

13. 55( 0.48) 1187.2(6) 

·o.28(0.13) 

1.95(0'.17) ( 1265.0) 

1.23(0.14) • 1517 .2(6) 

0. 37 ( 6 .·l3f' ( 1790.0 )~ 

0.28(0.16) (1955':0)' 

0.35(0.16) 

'0.51(0.16) (2034.0)' 

0.48(0.16) (2152~0) 

0.42( 0. i7) : 2214.0(19) 

2.34(0.29) 2260:0(8) 

1. 75( 0. 28) ,, 2276.3( 13) 

1.01(0.25)~ (2283~0) 

0.57 (0. 22):' 2322. 2(·10) 

0.62(0.22); (2346~0) 

0.58(0.22) . ,. 
1.09(0.24)':' . (~394~0) 

19 5437~~ 3·~ 

20 : :.·] 5398:5. 

2420.~· 0.75(0~19).· 

2459.3 :.:; _:;. 0. 53(0.19);: 

251'4.9 :·.·~ . 0. 74(0.21)0. 

2522.2: ····.i: 0. 70(0.2l•),c 

(2500:0) 

(2539;'0) 

(2595,.0) 

(2602~0) 

21 5342.9 

22 .• 5335·.:7~ 

6 ''· 

! 

:· ... ·· 

./ 

C"-· 

N 

23 

24 

25 

26 

27 

28 

29 

30 

31 

32 

33 

34 

35. 

36 

37 

38 

39 

40 

41 

42 
43 

44 

45 

46 

47 

48 

49 
50 . 

E1 ,keV 

5311.2 

5280.1 

5239.7 

5186.9 

5177.8 

5154.4 

5106.7. 

5082.4 

5068.3 

5058.0 

4967.1 

4939.3 

4928.6 

2938.3 

4908.0 

4875.1 

4843.4 

4819.8 

4809.9 

4795.9 

4784.5 

476EL3 

3107.0 

4738.8 

4687.0 

4678.0 

4666.5 

4623.2 

51 4595.0 

52•' •C 4552.4 

53 4534.0 

54 4502.6 

55 A490.9 

56 4365.1 

57 4336.8 

58 4204.0 

59 4z·r7 .3 

E
2

,keV· 

2546.6 

2577.7 

2618.1. 

2670:9 

2680~0 

2703.5 

2751.2 

2775.5. 

2792.4 

2799.8 

2890.7 

2918.5 

2929.2 

4919.6 

2950.2. · 

2982.8 

3ot4.8 

3037.'3 

3047•.5 

3062.0 

3072 _:7 
3090 .. 8. 

4750:9 

3119'.1 

3170.9' 

3179.9 

3191'.3 . 

'3234':4 . 

3262;9 

3305:4. 

3323~9 . 

3355:6 

'3366:3 

3492 .. 7. 

3521'.0 

'3553;6 

:3580~6._ -• 

• . ( .0.. ) 1rr 1rr 

0. 24 ( 0 .~19) 

0.42(0.20) 

0.57(0.23) 

0.81(0.24) 

2.61(0.29) 

0.75(0.24) 

0.67(0.22) 

0.55(0.22) 

0.21(0.14) 

1.44(0.29) 

0.33(0.28) 

0.76(0.27) 

1. 48(0. 29) 

0. 38(0·. 27) 

0.74(0.27) 

1.00( 0~ 27) 

0.98(0,. 25) 

0.54(0:25). 

0.77(0.24) 

0.79(0.25) 

0.74(0.25) 

0.64(0:25) 

0.52(0.'27) 

1.47(0.28) 

o:6oco .. 24> 

0.27(0.23) 

0.30(0.22) 

0.44.(0~21) 

o.68<o.23) 

0.60(0.23) 

0.47(0~·23.) 

0.78(0:22) 

0.54(0~2~0 
0.45(0~21) 

0.51(0;2:.:). 

0.28(fLitlO 

0-47 ( 0:20) 

EM(ll.EM) ,keV 

.. 2656.9( 10) 

(2697.0) 

(2750.0). 

(2760.0) 

(2783.0) 

} 2829. 9 ( 11 )·· 

2854.7(9) 

. 2878~8(8) 

(2999.0) 

3008.3(9) 

4997: 7(11) 

(3030,0) 

3063.7(19) 

(31?7) 

'(3141) 

(3152) 

4830; 9(9). 

.. ·; 

' 

~;. _· .. 

'3570.9(12') 

.. : 3600.5( 10) 

lt35!:!~ 5{ 11) 



N E1 ,~eV E2 ,keV iyy ( A_iyy ) , 

60 4261.0 _3q96.9. 0.59(0.19) 

61· 4234.2 3623:7 0.52(0.19)-

62 4218.6 3636;8 0.28(0.18) 

63 4204.0 3653.7 0.46(0.19) 

64 4188.7 I 3669.1 0.49(0.20) 

65 4075.5 3782.4 0. 4'190. 22) 
""'"'-~~ 

66 4060.4 3797.4 0.54(0.22) 

67. 4041.0 3816.8 0.43(0.22) 

68 4023.6 3837.5 0.44(0.34) 

69' 4014.9 3842.9 0.79(0.34) 

70 3955.2 3902.6 0.54(0.22) 

. 
E1 + E2 =. , 7676 .. 0 keV ( Ef = 

1 6757.9 .. 918.2 . 3. 69 ( 0. 79) 

2 6750.0 925'.9 5.55(0.89) 

3 . ·. 6488.8 1187.1 2.56(0.41) 

4 6420.4 
'· 

.1255.6 1.98(0.46) 

5 5927.1 1748.9 . 0.94(0.43) 

6 5821.5 1854.4 1.05(0 ._63) 

7 5720.5 1955.5 1.06(0.60) 

8 5659.8 .2016.:2 3.34(0.66) 

9 5614.7 .2061.3 1. 48(0. 63) 

10 5418.0 . 2258.0 1.99(0. 85) 

11 5292.9 2383.1 1.67(0.79) 

12 '5258.4 ·, .2417.6 1.45(0.79) 

13 5235.6 2440.2 2.72(0.85) 

14 5i29.4 2546.6. 2.19(0.95) 

15 5059.4 2616:6 2.10(0~89) 

16 4993.5 . ·. ·2682~5 2.97(0~99) 

17 4930.0 2746.0 2.25(0;99) 

18 4870.9 '2805.'1 .. ' 2 .13( 1.01) 

19 2939.9 . :4736.1 3.46(1';08) 

20 2968.8 4707:2 1.08('1.01) 
21:. 4499~ 7 ... 3176.2 1.60(0;97) 

22 '4340.9 3335.:1 1.80( 1.10) 

23 4236.2 ' 3439~8 1. 77(1'.07) 
24. 4126.4· 3549.7 2.21(0:76) 

8 

EM(AEM) ;keV 

3702.6(12) ' 

3923.3(11) 

.. 

261 keV 

( 1179.0) 

1187.2(6) 

(1454.0) 

1517 .2(6)' 

2214.0(19)· 

2276.3( 13) 

2322.2(10) 
J 

(2644.0) I 
(2702.0) 

2878.8(8) . 

. ,3008.3(9) 

3063. 7_( 19 ) 

4997.7(i1) 

4968.1(23) 

3702.6(12) 

N E1 ,keV E2 ,,keV. l,-,<flirr) EM(~~M_},keV 

25 4118.7 3557~5 1.93(0.80) .. 
·' :, 

26 : 4069.8 3606~2 2.33(1.03) 

Notes. 

(*) denotes the first escape peak of ithe primary 
·. '.. . ' 156 

transition of the cascades 8536 ·.+EM * 89 k~V_ in Gd. 

These peaks represent· the more . intense. pe~k~ of' . the 
' ' • ·- ~ : f 

background which appears in our measurements. 

':-· 

l 
.j 

~ ' 
Table 2 i 

E . i 
Total experimental, I , and calculated; yy. . ,, 

intensities (· in % per ·decay ) 'of _cascades leadtng.• to 
· I , · ', 158 ! 

three low-ly1ng levels, Ef; 1n ' Gd 1 

[ 

T 
Irr' · 
the 

. . . I --.------------------------...-...----------:------------;---:-----.... --;-
E IE ~~!~~!~~!~~-~!-~~~-!~~~!-~~~~~~¥-~~~~!~~ 

f yy 'i. ' . 

keV [10] [11] [lO]B:~ [11]~) > 
_____ _: __ _:. ____________ _; _________ ..; ________________ ,l __________ _ 

0 4.6(2) ·1. 7 2.4 ·1.5 !· 2~6 
I 

79 11.3(4) 5.6 8.2 5.1'! 8:1 

261' 3.2(2) 1. 7 .'2.8 1.5' i 2.6 
. - • . . I ------------------------------------------------1----;--:------

Sum: .. : 19.1 . ·! 9.0 13.4 . 8.1 J . l3.3 .. 
, ·I ~ 

. . . . , . . . : . . ..... •I •. . 
------------------------------------------------~------.-----

a) is put for the_predicted values from thci. developed' 

model of'radiative st~ength function ~eported. in lreL 13). 
' . ). i -

.~ : '. ·: ., ,, • ::<-, ; ,'' 

9 



Table iiii~ts all the i;,tense cascades ( shown in. fig.Z) 
' . . 7 

and observed as pairs of resolved peaks.. The algorithm ) 

allows us to ·locate these cascades in t!Je decay_ scheme, 

independently· of Ritz's rule .. Much_more ·!~formation could be 

obtained if.the cascade intensity distribution is analys~d in 

terms of its primary trans.ition energy, or anaiysed as a 

function of the excitation energy of the intermediate level. 
c ' •• ' ' t ~ 

Thus, each spectrum ( in fig.2 ) ,...lmust;'be decomposed into 

components related to pr.imary or secondar~ transitions. A 
.. · .... :·c .• . .. . ·•. -8 . · .... 

method of such analyses is described in ref. ). Such 

decomposition is made. here by using the data listed in table 

1. If the proposed intermediate level ,of a cascade, EM, has 

·been put in brackets in table 1, then the quanta sequence in 
. 9 

cascades has been taken from literature ) ang .not from the 

analysis.by algorithm 7 > . If the value EM is not given, this 

means that the cascade cannot be placed in the decay scheme . . .· 7 . . 8 . 
by using the .. algorithm ) . Such cascades are considered ) an!;i 

analysed by assuming that the· ·soft quanta comes from a 

primary transition. . . 
' ,, \' ·~ 

The· total intensity Ir· = E A ·, where A = C i 1i 2 /E 12· ) , · r rr . rr . 
of all the . cascades ( · in.clU:ding .. unresolved ones ) . ·is 

determined from the data listed in table 1 and ref. 9 ). using 

the absolute. intensity 1 1 of the ~primary transiti~ms with E1= 

6750'keV'''< 'i:~=-2.8 % ~e~ de~ai ) and E1= 6420 keV (' 11=0.36 .. % \ 

per 'decay' ) ·;The branching ·coefficients (. 121 E 12 ) are 

determined frolll the spectrum of soft r-quanta in coincidence 

with these transitions. :From these -coefficients, we have 

calculated the .. 'intensities, I~r': 'for all· ·the:. two-step 

cascades· leading _:to the:: fi.nal three low-lying states . ~in 
m8 : · 

Gd. The energy of the intermediate .. ·level :·.lies .. in .the· 

energy iriter':'al (' Bn- 0. 52 )' ~ E~ ( Ef:+O. 52 ) . This ~threshold 
. '. 5 . . 

energy (0.52 MeV)· was chosen ) to minimize the ·.experimental 

systematic~errors ~'-Table· 2. shows· ... a ·· comparison ; -between- the 
·. • · E . T' .. 

experimental•, , I ·, ·and. theoretical, I • --, .... values -as ·calculated, rr · · · rr · · · · · · · -- · . .. 10 11 . 
using the models of refs. ' ). 

,. 
10 

,. 

,) 
1\ 

r } 

1)' 

if • 

. . . ' . 158 .. 
4. Decay scheme of Gd 

. . • • . . . . 158' . • . . . 
The decay scheme of the Gd compound state, listed in 

. \ .·..• ·.· 7 . l . 
table 1 by applying the algorithm ), is, in general, in _good 

agreement with most of the earlier published data.· .. However, 

it shows' some remarkable difference from 'that reported 
. : .. 9 ·.· :. . . '· . 

recentely in ref .. ). It must be noted-here that table 1 lists 

only the cascades which have an absolute intens~ti'i ~0.03 %' 
. . . .- . , rr .... 

per decay and lead to the first . three states of the 
rr + . . ' ·. .. , ..... ··' rotational band K = 0 based. on the ground state. The other 

cascades, such' as those ·h~ving low-intensity primary 

transitions or those leading to higher excited ~tate~~ are 
beyond the scope of this study. 

In this respect; we confirm the existence of the 
transition whose energy is 1185 keV and belongs.to'the .dec~y' 
of the in~ermediate·: le~ei' 'at 1265 keV: We determined an 

absolute intensity o{ 0. 22% per dec~y for thi's· cas~ade. On 

the other ha~d. 'no inform~tion is· a,j.ailable ... concerning the.? 

secondary,tran~ltion whose energy Er~ 1004 keV and int~nsity 
. ., ' 9 1 • • 

i = 0. 06% per decay although this intensity ) '<is.. twice as 
rr . . . . ' . ' .... . . . ' . «o • 

much as the limit· of our ·spectrometer sensitivity. 

More_over, . we have observed· the cascade· transi ti6ris · E{= 
6489 keV,a~d E2;,1187keV.(_leading to the level at'.26lkeV )' 

with an absolute· intensity i :::: 0.082%' per 'decay. This 
. . .· .. . . . .. r9. . ·, .. · , 

cascade was not reported· in'! ref. ) . ·.The possible intermediate 

level of this.cascade is EM= 1454 keV;.which is closeto the 
! · • •. 9 . .. · rr • + · · · · · . · 

known level ) at 1452 keV with J = 0 . The level, · at 1452 

keV, ca'nnot'be'considered·as the·int~rmediate' level' of. the 

d-iscussed; cascade' ·because. transi tiona' between; .. states \.li'th ; 

spins 2~->-' o+.::.>- 4+ maynot have so high an intens~ty; Thus, 

we may propose the existence·ofanother·new-l~vel .at 1454 keV 

with a possible spin \talue.of J = 2·or'3 and ·unknown 'parity_·, • 

Also, we 'report 'here -on 'the. new' two...::step -·cascade whose'· 

primary.transition energy is 5972 'keV and~ intensity 'iri
o·~ 12% per decay and which excites the int-ermediate level' at 

1965 keV. Another group of intense'cascadesileading>' to the 

I I 
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three low-lying states ( Ef ::: 261 keV ) of th~ 0+ rot.;:ltional 

band based on the ground st.at~ are ~ot ·found · among the 

publis~~d data, _and 'presumably are reported here ( table 1 

for the first time. 

Some cascades ( which mainly have soft transitions with 
. ' ' f 

i :f2 MeV ) cannot be placed in the well established decay r . . . 
scheme. This problem was discussed in reL 3 ) and it was 

suggested there that these soft r-:- q~_anta are, most probably. 

pr-imary transltionfi. A list of possil:he soft primary. cascade 

transitions_leading to the first.three low~lying levels and 

the mean calculated values of the cascades intensity are .. 

given in table' 3.· 

The data. concerning weak cascades must_ be considered as 

the upper,experimental estimates of the possible enhancement 

of soft primary transitions. since their errors Air·~ ( 30 to . r 
50.) %. The problem of intensifying.the primary and_secondary. 

transitions in nuclei of the 4s-neutron resonance strength 
' . '. "· ,· '4 . ' . 

function region has been discussed earlier ). It .was shown. 
: >:;.. 

in these nuclei, that there ·are. distinct" chimrieles 

exceed 

for 

the intense transitions, whose intensities 

predicte~ by ~he statistical theory_._ -:The 

al intensities, if compared .with the calculated 
5 . . . .. . 165 

, show ) a non-random character for. the nuclei. .. Dy and 
68

Er. _The data listed in table 3 give .the upper. limit for . . . . -~a - . 
enhancements in . Gd. -

comparison bet~een the experimental- and calculated. 

int~nsities..for_the,given primary. transiton .energies 

-~emonstrated, in- .fig.3. The cascades which are not placed 

the dec a~ scheme. and whose EM values_. a:r;e · not listed . in 

1, are also ,shown in this• figure· by;_assuming that, the 

imary cascade· transitions_ are. the hard ,,quanta. For -this· 

divergence between the -experimentaL, and .the 

intensities is minimum. 

The calculated' cascade intEmsity_ dependence is obtaine;d 

assuming that .the level density-below the neutron binding: 
. . . . 10 

is described by the Fermi-gas ) model with 

12 

i' 
i 

I' 

it 
·t 
1 

Table 3 .. 

The experimental, 'i E • and the calculated •. iT , average 
. , rr . _. - . ._ rr · , · 

cascade' intensities of some possible primary transitions E1 

and their ratios r = ( .. i~r I i;.r ) • Ef is the ~nergy 'of 

final level to which the cascade.decays.·The intensities 

the 

are 
\ '· ' ' . i 

given in percentage of the total intensity summed over 
. . . I . 

all 

the two-step cascades leading to the given. :final' ·state 

level I 

., ~ 

------------------------------------------------------------
E1 

keV 

Ef 

keV 

E 
irr 

.T 
~rr .r E 9) 

r 
i-9) 
r ________________________ .:.:.:.... ___ ....:. ____ _:,: ____________ ..:,. _________ ~_.:;._ 

956 ' 0 

1067 0 

1162 79. 

1509 0 

1759 0 . 
1749 261 

1854 '' 261 

1902' . 79 

0.33(12) 

0.55(13) 

0.28(13) 

0.91(25) 

0.52(20) 

0 .. 94(43) 

1.05(63) 
·o::35(16) 

0.17*10-4 

0.25*1074 

'0.13*1o-4 · 

0.12*10-3 

0.25*10-3 

o.2s*1o-3 

0.33*10-3 

0.13*10-3 

2*104 

2*1o4 · 

2*104 

'8*103 

2~i~3 
4*103 

3*163 · 

3*103 

956.04 0.14 .. 

1068. 74a-. o.oi5 . ' ' .. a -
1161.24 0 .. 046 

1509:5a 

1759.2a 

1857.0 

1902.9a 

0~14 

o·.o6 

0~53. 

0~09 

_:.:.,:~ ______________ :__: ___ ::.!__2._ _______ _:__-:-·~.::.:---------~-------.....;;_ __ ~ 

,, .,. 

Notes Af '.t' 

The absolute quantities of i~r and i;.r,can
1
be obtained 

from their multiplication by 0.01*! • - ( given ·in table- 2 rr · 
for the corresponding E£- The intensities ir ·: afe given in 

percent per decay.'The transitions marked-by the sign ( a ) 
.. 9 -

were not placed in-the decay sche!_lle ). 
'.·, .,·: 

i 

f; 
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back-~hift: The radiative strength function for 

E1-transitions. is determined12 ) from the cross-section of the 

( r,n.) inverse reaction. Partial widths of M1- and E2-

trans.ltions' ~re proportional, t~ Er 2 L+ 1 ; L is the transition 
mul tipolari ty., 

. ,, We. have also determined the widths of. the E1-transitions 

using the mo~el reported in_ ref:. 13 ). _The necessity of using 

this model comes from its success not only in describing the' 
..; . 

experimental data of spherical nuclei , such as 137Ba . and 
144

Nd, but also in describing14 ) the'deformednucleus 181Hf. 
However, the results obtained £rom this model, in our case, 

did not show its success because 

- The total intensity, I , has a weak dependence on the ' rr 
absolute values of radiative strength function, while it 

depends strongly on a function which is sensible' to the 

energy of the transitions. 

'The model1~)-does-n~t includ~ the local enhancements of the 

partial widths at: some excitation_ energies. These 

·e~hancements -were- reported .. earlier5 ) and shown here in 
. figure 4. 

The correlations, between E1-;M1- and E2- transition 

widths at E = .6. 9 MeV were taken ··near 
· · 15 r ' to the 

1.52. MeV 

experimental 
valu_es ) and the data. of levels below 

' I . • . 

and their 
decay modes were included in our calculation and taken from 

ref.
9

). Fi~~e 3 shows that, similarly to other defor~~d 
nuclei, there may exist cascades of relatively high 
intensity. The probability of their random appearance 'is·very 

. . 5 168 -
small as shown 1n ref. ) for Er. 

5. Main peculiarities of. the 158Gd compound-state decay 

The.presence of int~nsified, cascades contradicts the 

assumption that the · _mean width. , of a 

monotonically on· the- .. transition _energy 
transition; depends 

and not ·on -the 
structure of the states .. belonging to this transition. We have 

shown earlier
16

) that it is .not possible to describe the 

r~decay cascades of compound-states in even-odd nuclei in the 

-/ 

14 

I 

4s-. maximum neutron strength function region · without . taking 

_into acc::'ount the influence of both compound and- ·final state 

structures on the P<;<rtial widths of cascade transitions: It 

\o:u:.; -~h::o ne,cessat·y .to assume ·that. the part of, primary 

tra.rfuitioris{{ correlated with reduced neutron widths) • .. in 

neut,~on resci'nancc decuy carries about one-half of thel; · tota'l . . '16 ' ' . . -
intensity ) .. 

' ., ' . ' ' 17 
Some correlati-ons were found ) when comparison.was made 

between.the exp~ri~en~al distribution.of maximum positions o~ 

cascade intensitie~ and the calculated strength distribution 
-~ c ' •• - .:· - < - ·. . . · .. ·. v ' - ' • ,, ' 1I .. •. ' ..• 

of fragmented single quasi-particle states K [ N .n A ]. Such . . . - . . -. . ' ' ' z: ' 
calculations were made llsing the quasi-particle phonon model; 

for instance ,for . the ,1/2_[.521], . 1/2-[510], 1/2-[501] _ and 
·- >' l } ' ~ ' • - - ••. 

3/2 [501] states. Taking into account the fact that the 
I 

a.hoyc menti<;JtlCd quasi -:par·t ic le, large states contain 
' . ' 17 .· 

the authors ), using .the components of 3p neutron states 
' ' ' 

known theoretical. coefficients for decomposing 'the wave 

functions· on ~pherical basis, offered a qualitative 

explanation for the main loc~l strengths of the 

obsc:~.,;~d in. the .n.e,u~r_o·n_ r~~son_anc~, ~eca~ of even-odd 

casc_ades 
·~· ! 

.comp,lex 

nuclei in a.relatively narrow excitation energy interval., The 

~~~lanatj:c,·n i's mainly bas~=d o~ l the singie--particle _ tr~'nsi
t.ions b~tw~~n· t:l~e 4~ and 3p~eut~on sh~·llE::. '~~is.;·~nh-~n~eme~~ 
• . . ·: ' ·: .-• ' . --:·,··16 ;: •;, . ' . ·•' - .. , ' . . ' . 
if; now being observed· } . only .. in nuclei having a large 

er~ougl;, gr~·ater' u~~r'r' Lhe .~e;n v~lu~, --~ed~ced n~utron w.1d~l1.· . 
• ' .. •. u. > i,< ,. ,. t . ' . . ' 0. ,: ''.- ~- -~- ' ~.1 .j· ' ~ ; • • -

The compound-states decay in e.ven-even complex nuclei is 
· ,~ · ~r:-~-~.~;"'.'d:J:: ':-:~·r.:.· "~:.· .-~· ... ·R ·.:. ·- •• ··'.r;·····~-:·t: 

rathpr difficu}t to interpret as a i 
1
Wt}ole. Ho}'leyer,.; _as· in 

ev.;n-odd nuclei. the intensity .'of the two-step casc;ldes 
,·:; .' ,; -' !. : ' ; "· .. \ ' •. -~ ; . ' . . '. '' ~ . . . '~'t . ~ : • . . . ·{ J, ., .·' 

betwee'n the states havirtg of•posit(, ' parities f'Xceeds' the 

~n;~"lo£:~.u~' value . p;.edi~t~d-~ f;~rra f;'i~pl'e: m~-d~l ... ca~c'u.lation·. 
'Aftiio'u~h 'fig~,·;t,' 3 niu~t;ated ~h'ii 'sit·l~;[ti~n cleari;,' ~;loJ~k' I 

' ~ .> ' -~· : •• , •• ; 8 . . \ - -: ... ~ ~' :- ~ ;. ;: :; "' .. ~ .. - " ;_ . { _, ~. ' . 0 , ~·:;. 

a· comparison ) betweei1 distr·ibutions · of the experimental 

c~~~ar
0

1~- lnt~n~ifles (. :suriun~d 'ov~r:: a l~rge' ~ne~gy i~~~~v~l··~!£ 
• "; ~· . . . - ·- ' -~ .. : • • : . .: .~ .._ . . ' '• -~~ .• • ~ •... • -·. / :. ! '. ~ , ..• 

;:;;· 500 ;keV ) and that caiculated as·- a . function of their' 

~ri~ary 't~~~ki~,i~n ~~~er~i6·s give~; ~~~r/ a. -b-ett~~ ill,ustr~tioi~' 
" ;t_.-·~ !k~ • \;"" .. : · . • ---~ ••. .. .• •. ··~ ..... --...... ".: .... , · · •·• !;·,· ..• r. -r': 

of 'this' phenomcnm1. Such comparison :is' shown·" in figure' 4;' 

J-l'i 
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where the histogram represents the experimental distribution 

and the shacled areas 'correspond ~~ly to experim~ntal 
statistical eri-ors. The comparison wa~ made here with two 

model calculated distributions using two different shapes of 

the level density dependence on'the nuclei excitation' energy 

below' B :. They are n . 
-the' Fermi-gas model with b~~k-shift' and two free 

,parameters 10 ), a and 6 , where·the moment of inertia is 
-" equal to one half of the rigid momentum. 

-the Fermi-gas model which takes-into- account11 ) the shell 

inhomogeneities of a single-particie ~pectrum and employs 

the shell corrections approach developed by Strutinsky. 

In the latter case, the d~pe~dence of the level density 

parameter, a, on the excitation energy, ~· may be expressed 

in the form 

a ( U ) = a A ) [ 1 + f ( U ) * 6 E0 I U 1 
with the following asymptotic expressions : 

. ~- ( A ) = 0.048 A + 0;257 A2/ 3 

f ( U ) = 1 - exp ( - 0.062 U ) • 

The numerical constants in these expressions were determined 
' ' .·.· 11' ' ' ' ' .. 
[ in ref. ) ] for a wide range of mass numbers. When a value 
' ' ' ' ' : 158 ''• 

of 6E0 =-0 .15 MeV wa~ used as the f')he'll correction for · Gd, 
,• 6 ' ' 

the experimental ) value of 4.B eV for the average spacing 

between resonances with J=1,2 can be deduced -from our 

cal'c;ulation.· The increase of the level densities due to the 

~presence of the vibration~! states was also taken 'into 
' ' ' ' ' ' ' . 11 

account _as recommended by the authors ) . 
' ' 11 ' 

Although.this model ) works specially well at high 

excitation energies ( above B ), we have included it in our 
- , .· , ' , . n' . ·... . ., , .,· 
calculation because: it provides good agreement· .·with :the 

experimental cascade i~tei-.sity dist~ibutions. Such .agreem~nt 
'may be attribute~~ to' the following ~eason. The intenstiy , irr 
depend~ mainly on th~ level density of'th~ nucleus and the 

'~ ' . , . " ' J 

partial widths of cascade-transitions. So in the' calculation, 
~ ' ., ; ' 11' ' 

moat probably, the small values predicted by the model' J for 

the level density at' low excitation energies ( U:S_ 2 ~ 3' MeV) 

16 

I 

·lead to the large · relative _values, as 

observed, for the secondary .transitio~s to 

states. 

experimentally 

the l?w-lying 

It should be noted that. the observed , ··intensified 

cascades (fig.4 ) with primary transition·energi~s Z:SE
1
:S3 MeV 

keep well in the frame of,the results obtaine~ earli~r from 

the study of y-decay cascades. In all· the .investigated 
'' . 165 187 ' 

nucle~, from Dy to W, the intensity of the cascades 

leading to'the rotational band levels of the single quasi

particle state 1/2-[510] exceeds the predicted value ( by any 

model) by a factor:of,L5 to 2,-or even.-more.; In such a 

case, the enhancement' of Cascade intensities -t~ these states 
' "! • 

is greater than those leading to 

final levels with spin difference 

other structure.than 1/2-[510]. 

any of the 

fJx -Jff5 2 

!neighbouring 

artd with · any 

: · The singi~ quasi-:-particle states 1/2:-'[510]. for different 

nuclei· ~n.'the region A.:.: 158- .lie,-according to1~), below the 

by.about 2MeV. The. reduced neutron 
! 

neutron binding energy 

width6 ) of the ~58Gd compound-state: from thermal neutron 

captures considerably exceeds the mean value. In, this case, 

where the·· reduced,· neutron-· width . of .. the . compound-state 

considerably . exceeds the, mean value and , the:~ single 

quasi-par~icle states lie below the neutron binding:· energy, 

the cascade enhancements of .the 4s-neutron shell~ can be 
' 16 17 ' ' ~ ' .: 

observed · ' ) , . an~ , the s:i,ngle. quasi-par~icle 4~p 

transitions occ~re.:not' ... only· in the even-odd nuclei but also 
j .' ...... 1. ; .~ . ' ' 

in the ev~n-even' ones. ;'; ; 

It should.be noted' that, the' ~nhancem~nt~ of gamma-
. ' ' ' lig' 

. widths for the pygmy resonance was also observed ) . .in the 
160 ' ' ' ' ' ' : •, 19 ' 

. Tb nucleus for the energy E = 2.5 MeV~ The authors ) -... ..... . .. . . .. . r.... . ..... . . .· .. , . . · 
explained their results on the basis of a different from our 

model. Additlorial'.' arpents r:: in. 'fovour : · o-f I the , better 
- -

explanation of the enhancement mechanism can ·be possibly 

derived from the determanation of the cascade intensities in 

diff~re~t: neut;o~ re'son~nc~s oi 'investigat~d ~u~l'ei. 
_, ,... ' \! '~'; ~ . .::'!: ": ' 

' - ,_ .1 .; ·~ 

. : !; ' j· .,;. t 

'\·% 
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Fig. 2. The intensity, iyy , distribution· of two-step 

cascades leading to the first excited state in 
158

Gd. Figures' 

over-peaks denote they-transition energies in keV. The total 

area of the· spectrum is normalized ·to .100. 

·~ 

:>... ......, ....... 
rn 
1: 
Q) ......, 
1: ...... 
Q) 

> ...... ......, 
ctS ......... 
Q) 

0::: 

! ,' 

0.01 2 . '4 .. ;, 
Primary trarisit~on. 

Fig. 3. Relative intensities\' 't~ble .. l· 

<:> 

,., 

as a ~uriction 
, .· - ~: • ,-1 ;'·' - . ' ' 

of the primary transition energy for· the resolved cascades 

only. Data are for the· cascades which lead to the final state· 

level at 79 keV. Line corresponds to the calculated values 

f9r the El + Ml cascade transitions. 
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6. Unresolved cascades analysis 

We have· de'ter~ined the minimum value . of the resolved 

cas~ades intensity to be iyy= 0.03% per decay. This \ral~e is 

considered as the lower limit ' of our spectrometer 

sensitivity; For the majority 'of the' experimentally 

unresolved cascades (fig.2) it' is true that, the .primary 

transitions have softenergies: But for some other unresol..:red 

~ascades, the sequence of transitions· is,· ·probably, 

determined uncorrectly. In this case ( hard primary 

transitions ), the possible systemati~-error (fig.4) can· be 

est'iinated,: if the number' of unresolved cascades is known. 

In our·measurem'ents, n~ other resolved transitions ·were 

observed in the two-st.ep gamma-cascades leading ·to ··the 

k'nown9 ) ten intermediate· levels with' spins Jfl=1+,2+ and 3+ in 

the energy range 1-2 MeV. ·. If their intensities are'. 

approximately equal' to our experimental sensitivity ·limit ''( 

iyy= a". OS% ) , .then·' ·our ·data • (fig.4:·) for (the· primary· 

tran'sitions may··carry8 ), in the·worst case;·:an error of· 0.3% 

per· decay. w'e may not'e here that; an inte;1sity . of : 0. 8% · pe,r · 

decay was 'obtained ( . fig. 4' ) for this energy _interval;' . Thus •. 

the':'ffiaximuin 'possible systematic-;-error that could. enter~· our. 

data, (fig.4), will not exceed the:value ·of:0.3%··per ::.decay;. 

bec"ause it :~is not·· supposed·: that everyone• ·of ·.unobserved 

ca·scades has simultaneouse~y· an intensity of 0.03% "•d 

.. On the'other hand, the· systematic errors caused·,by·ithe· 

tra'nsi tions ·in· the energy range· 2-3 .MeV, ( fig·;·4), cannot . 'be . 

·est'imated here by :a ·similar direct .manner.':. ;. Neverthe'less,~·.·;it, 

must be noted· that· whil'e. we··\ have .• ·had large experimental . 

vahies·;for :·the cascade·.intensit·ies· .:in·:: .the:--·. analysed·:- energy~ 

interval'' (·fig·. 4'), ::no ··indication. ~f a;·pronounced ma.Ximum could" 
8 . . ·•. '" . 174 

be found in ·th~ ·analogous.· data )::from. the· decay,.of·.the, ·: ·:·Yb 

compound state.···The ·last nucle•us· 'has,,..(· .df ·COmpared.:.with 
158Gd .. ) approximately· equal· vidues'fo~:.the. ,B0 ·:and:· <., DA.'' >: 

parameters and the same parity for ~he compound state, 'and 

consequently we suppose that they have the sanie systematic 

errors. 

·'· 1 l) .;; 



The use of more ef:f~cient detectors __ ( of efficiency two 

or .three times higher than ours.) will evidentely improve the . . . . . ' .. , 158 .' .... 
results. In this case, for a nucleus such as . , Gd, .we -:may 

have a. value' of I ~50% per capture, or even higher for the · rr · · · 
total. intensity of observed cascades. _Also the absolute 

systemat:ic-error in the intensity distril;mtion , (fig.4), for 

all primary transitions (with energies S. 3 MeV) will not 

exceed,. in such a- case_, some tenths of percent per capture_,_ 
.J 

7 .. Conclusion 

. In ~58Gd, as. in other rare earth nuclei, the total 

intensity of observed cascades with two dipole transitions of 

different multipolarities ( E1+M1 ) exceeds by a . factor of 

1.5 to 2the analogous predicted value from _the statistical 

theory. The comparison between the experimental cascades 

'intensity distribution, figA, ( as -a .functio~ of the cascade 

primary transition energy). and the_mod~l,9~lculated one ha~ 

revealed the intense cascades group with . primary, transition 

energies lying in the interval 2-3 MeV. The .total. intensity 

enhancement of these cascades in this energy interval is 

about 15 to 20% of the total-experimental intensity 'summed 

over all the observed cascades. 

, , ·In the frame · of .a qualitative. explanation of. this 

phenomenon, the r~sults manifest the considerable role of the 

quasi-particle state transitions between the 4s and•3p shells 
5 16 17 in both. even-odd.·' • . ) anq even-even complex nuclei. The 

maximum discrepancy between the ~xperimental and calculated 

cascades intensity is found. to be in the region A~ 160. The 

calculated positions'of'.the ·single _quasi-particie neutron 

states 1/2-[510]-are in·good-agreement ,with the excitation 

energy of the enhanced cascade intermediate levels. 

Authors thanks are due to Mrs. T.F.Drozdova for her help 

in the preparation of the English version of this paper. 
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Fi~ A. 'Cascade in ten~ 
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. termediate l~vels · energy . 

bin:of·0.5 MeV. The casca
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final stat,es,. and analyzed_ 

as a functi~ri .~f their·pZ:i

mary' transition _~n~~gles 
per 100 ~ecays:. T\e ,histo

gram represents-the expe-

' riment13:l data; shaded ~re~13 
are the statistical errors .. · 

( •) ·show the calculate~ va:-

.lues according/t~ the level 
' . '• .· .. l1 
density_ n_iodel .. ) ; 

cor~espo~d to.·. the values 

predicted-by the:~odel10 ). 
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