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1 Introduction 

For a better understanding of the depopulation mechanism for levels with different 

energies and structures it is crucial to have information on the dipole radiative widths 

over a wide region, from low to high energy gamma-rays. A large amount of knowl

edge has been accumulated from photonuclear reactions and thermal and resonance 

neutron capture gamma spectroscopy. This information mainly concerns high-energy 

primary 7-rays that correspond to transitions from the capture states to low-lying 

levels. 

An unambiguous knowledge about the level depopulation mechanism can be de

duced from investigations of two-step cascades. Corresponding spectra presenting 
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7-ray energy distributions of two-step cascades include the contribution of relatively 
soft primary gamma transitions proceeding from a high-lying capture state, as well 
as the contribution of secondary transitions coming from a large number of interme
diate levels. It is believed that these spectra may provide indirect but very important 
information about intermediate energy levels [1]. 

Over the last ten years in Dubna a method of measuring two-step gamma-ray 
cascades with a fixed total energy has been developed [2,3]. Up to now the two-step 
cascade 7-decay spectra of many nuclei from 137Ba to 19eAu have been measured and 
published [4-13]. An important advantage of this method is the opportunity to de
tect all possible two-step cascades between the compound-state and several low-lying 
final levels and to extract useful information even in cases where the spaces between 
decaying states are smaller than the detector resolution. The spectrum of two-step 
cascades carries information on the photon strength functions that govern the average 
properties of primary and secondary gamma-ray emission. Analysis of the integral 
characteristics, such as the total intensity of two-step cascades between levels with 
known structures, permits some indirect conclusions about their nature. For exam
ple, the intensities of two-step cascades exciting the final levels of a single-particle 
nature in U3Nd, 163Dy, and le3W nuclei are compatible with theoretically predicted 
values [7]. Analogous intensities exceed, by a factor of 1.5 or more, the values ob
tained from statistical model predictions in the nuclei of le5Dy, 175У6, 1 7 9 , Ш Я / , aad 
lvrW [1,3]. Such divergence is due to different values of the reduced neutron width 
Г°, or to different structures of the neutron resonances. In the first case rjj is about 
10 — 20% of the average width < Г£ >; in the second case it is either equal to or 

greater than < Г£ >. 

Experiments show that cascades from neutron resonances with large ГЦ mainly 
excite few-quasiparticle low-lying final states. Those from states with small Г£ excite 

many-quasiparticle (collective) high-lying final states of rather complex structures. 

This result leads to a qualitative explanation [3] of cascade enhancements between 

compound states with relatively large ГЦ and final states of a pure single-particle 
nature. Such an explanation supposes the excitation of a system of intermediate 
levels with reasonable few-quasiparticle components in their wave functions, in the 
case of the decay of a compound state with a relatively large single-particle component 
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in its wave function (the case of large Г£). It also supposes the excitation of a 

system of levels of a collective nature in cases of small single-particle components 

in the compound-state structure. A test of the validity of this assumption requires 

more investigations of two-step cascades for different neutron resonances in the same 

nucleus. 

The set of nuclei presented in this paper belongs to the 4s-resonance of the neutron 

strength function where (ГЦ/< Г£ >) > 1, which ensures almost the same dependence 

of the process of depopulation on the capturing state properties. Investigation of 

differently shaped heavy nuclei, spherical as well as deformed, reveals the influence 

of the shape of the nucleus on the nucleus decay properties at different excitation 

energies. 

2 Experiment and Data Treatment 

The Dubna method is based on the usual coincident measurement of two-step cas

cades that follow thermal neutron capture and end at several final states of known 

spin and parity. Gamma-gamma coincidences were measured by a spectrometer com

posed of two back-toback Ge(Li) or HP(Ge) detectors, having about 10% efficiency. 

Gamma-rays were detected after passing through a 2.5 g/cm2 lead filter to minimize 

the detection of backscattered gamma quanta [2]. To reject coincidences with anni

hilation quanta, the coincidence detection level was set at 520 keV. In this way, all 

two-step cascades, through all intermediate states lying 520 keV below the binding 

energy (2?n) and 520 keV above the excitation energy of the final level Ej, could be 

detected. 

The two-step cascade distributions were obtained [2] using the spectrum of the 

summed amplitudes of coincident pulses. The peaks in that spectrum are formed 

by those incidents of 7-detection when the energy of one of the transitions is com

pletely absorbed in one detector and that of the second is completely absorbed in 

the other detector. Each of these peaks, after appropriate background subtraction, 

comprises a two-step cascade spectrum. Thus cascade quanta between the capture 

state and different final levels are registered in different spectra that consist of several 

components: 
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1) a set of discrete, experimentally resolved peaks, usually related to high-energy 
primary 7-transitions that mainly populate the intermediate levels below approxi
mately 3 MeV for deformed and 4 MeV for spherical nuclei. 

2) a number of low intensity, experimentally unresolved cascade quanta from the 
same excitation energy interval as in 1). 

3) a broad quasi-continuum formed of low-intensity low-energy primary transi
tions with an energy E\ smaller or approximately equal to the second transition 
energy Ег. 

The "noise"-line of these spectra has a zero average value and normally distributed 
intensity fluctuations with respect to the average. 

3 Cascade Intensity Modelling 
Systematic measurements (Table 1) of two-step cascade intensities If^f for some 
heavy, differently shaped nuclei were carried out in the excitation energy range up to 
Bn. 

The intensity of a single cascade i^-, = Гла/Гл х Гэ//Га is determined by the 
partial widths of the cascade transitions between states A —» g —» / and the total 
radiative widths Г of decaying states A and g. The ratio T\g/T\ has the same energy 
dependence as the partial widths of the primary transitions, T\s, since Гл = const 
for the compound-state. Hence, the cascade intensity Д/-г, , where the energy of one 
of the quanta falls in the interval ДЕ-,, can be written as 

m «/ 
Дч, = £г*/г*хЕ1\//г,-, (i) 

i J 

where m = / p(£,- J*)6Ei is the number of intermediate levels in the interval AE. 

The cascade intensity calculations should be based on level density model predic

tions (for a certain spin and parity) and on gamma width modelling of states below 

£„. Because of the experimental fact that the spin difference between the initial and 

final levels of detected cascades is | J\ — Jj |< 2 - only El, Ml and El transitions 

were included in the calculations. 

In this paper the intensity predictions were obtained according to relatively simple 

and often used models: 
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1) for level density - the backshifted Fermi-gas model (BSFG-model) with the 

parameters specifying the experimental data as in [14]. 

2) for the El-photon strength function - the standard Lorentzian model [15], with 

a width that is independent of energy, was employed for the photoabsorbtion cross 

section after extrapolation to the excitation energy below B„. In accordance with the 

Axel-Brink hypothesis, that expression is valid for the ground-state as well as for an 

excited one. For M l and E2 transitions, the single-particle Weiskopff model was used 

and the relation B(£1):B(M1):B(E2) was adjusted by 7 MeV to the experimental 

data [16]. 

As was already mentioned in earlier papers [3]. the measured two-step cascade 

spectrum carries information on the photon strength function that governs the av

erage properties of primary and secondary 7-ray emission and provides an answer 

concerning level density and energy strength scaling. To investigate the cascade in

tensity energy dependence one should divide the cascade transitions into primary 

and secondary components. This problem was already solved for resolved peaks after 

their placement in the decay scheme. The ordering of unplaced transitions as well 

as those that are unresolved was made in accordance with certain assumptions (sec 

[7])-

4 Results 

Figs.1-4 present the dependence of intensity distribution on primary transition en 

ergy. The histogram shows the experimental data - two-quanta cascade intensities 

summed in 500 keV energy bins. The modeller' values are represented by lines. Ta

ble 1 summarizes the investigated nuclei with tb ••• binding energy and spin (Bn, J"). 

number of final levels - nj, i.e., the number of observed two-step cascade intensity 

spectra integrated over all intermediate and final level intensities /£JP and other pa

rameters. 

Due to the low efficiency of the detectors only cascades which have a primary 

transition intensity of more than 0.01-0.05% of the whole spectrum intensity per decay 

could be detected. This minimum value of resolved cascade intensity is considered as 

the lower limit of our spectrometer sensitivity - L,. For the majority of experimentally 
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unresolved cascades it is true that the primary transitions have soft energies. But 

for some other unresolved cascades, the ordering of the cascade quanta is probably 

determined incorrectly. 

Taking into account the available information on decay modes and level schemes, 

as well as the two-step cascade lesults, an energy E' could be set for each nucleus. 

E' divides the energy interval between B„ and Ej into two parts - levels below E' are 

populated mainly by well resolved cascade transitions, and above E' the information 

of cascade intensity is contained in many unresolved transitions. Hence the accuracy 

(Figs.1-4) of the obtained cascade intensity dependence on the primary ray's energy 

is limited by the level of equipment sensitivity - L,. The L, values for the equipment 

used are given in Table 1. 

At the present time experimental cascade intensity distributions are decomposed 

into primary and secondary transition components in the following manner J l j ; 

1) Peaks related to the detection of high energy and intense transitions populating 

levels below E~ are included in the primary transition two-step cascade intensity 

distribution. For unresolved parts of the spectra in this energy region, it has been 

assumed that the low-energy transition is the primary one and the high-energy one 

is the secondary. 

2) For levels from the interval E' < Eg < (B„ - E") half of the transition 

intensity is ascribed to primary and half to secondary cascade transitions. 

It is necessary to estimate the probable influence of this uncertainty on the shape 

of the primary transition intensity distribution. As was seeu from Table 1, for dif

ferent nuclei, we were able to observe a rather different portion of the total radiative 

width of the compound-state as two-step cascades - from 12% to 100%. The fraction 

of cascades resolved experimentally in the form of pairs of peaks amounts to at least 

50-70% or more of the total sum of the observed intensity{Ai™'""1 in Table 2). The 

remaining 30% (or at most 50%) of the total cascade intensity is formed by contin

uous distribution. The problem of systematic error in the decomposition procedure 

reduces to the question of how reliable is the decay scheme for the intermediate level 

energies Eg < (3 — 4) MeV determined by this method. The studies [17] showed that 

at an excitation energy below B„/2 the probability of incorrect determination of the 

quanta ordering in intense cascades is fairly low. 
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Table 1. Some main properties of the nuclei studied: Bn , J' - binding energy 

and spin of the compound state; nj - number of detected two-quanta intensity distri

butions; I^f - total observed intensity of all spectra; L, - registration threshold for 

the equipment used; n; lp - number of experimentally revealed levels up to 3 MeY; 

nf' - number of levels populated by .El-primary transitions in accordance with the 

BSFG-model in the same energy interval. 

Compound 

nucleus 

™Ba 

™Ba 
139Ba 
u6Nd 

™Sm 
l5eGd 
158Gd 
i 6 o r b 

lMDy 
168£r 

l7,Yb 
ш я / 

196p( 

198Au 

B„, J* 
MeV 

6.9, 1/2+ 
8.6, 2+ 
4.7,1/2+ 

7.6, 3 -
8.0, 4 -
8.5, 2" 

7.9, 2" 

6.4, 2+,3+ 
7.7, 2",3" 
7.8, 3+,4+ 

7.5, 2",3" 
5.7, 1/2+ 
7.9, 2" 
6.5, 2+ 

n, 

4 
2 
3 

4 

6 
5 
3 

12 
6 
3 

3 
5 
3 

19 

fexp 
•*-rr 

% per decay 

81(3) 
26(1) 
100(4) 

36(1) 
20(2) 
32(2) 
19(1) 

22(1) 
46(2) 

15(2) 

22(1) 
52(4) 
32(2) 
41(1) 

L. 
% per decay 

0.04 
0.03 
0.04 

0.02 

0.01 
0.02 
0.02 

0.01 
0.03 

0.01 

0.02 
0.04 
0.05 
0.01 

«Г 

15 
11 
18 

62 
71 
72 
62 

87 
64 

59 

72 

106 
54 
213 

nf 

17 
3 
16 

13 
96 
155 
116 

1790 
240 

126 

82 
263 
25 

480 

Ref 

4 
5 
6 

7 

8 
9 
10 

11 

7 
12 
13 
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Table 2. Some parameters used in determining the energy scaling of the primary 

transition intensity. 

Compound 
nucleus 

l37Ba 
t3*Ba 
,зяВа 
"*Nd 
1S0Sm 
™Gd 
15"Gd 
i 6 o T 6 

,64Dt/ 
*xEr 

"*Yb 
,Mff/ 
lxPt 
l9eAu 

"'/ 

2 

2 
3 
1 

2 

3 
3 
12 

3 
3 
3 

5 

3 
19 

I' 

% per decay 

77(3) 
26(1) 
100{4) 
20(1) 
13(1) 

23(1) 
19(1) 
22(1) 

29(1) 

15(1) 
22(1) . 
52(4) 

32(2) 
41(1) 

£ • 

MeV 

3.0 

4.0 

2.3 

3.1 

3.1 

3.1 

3.0 

2.0 

3.0 

3.0 

3.0 

2.5 

3.3 

3.0 

л -middle 

% per decay 
0 

0 
0 

3.45 
3.76 

5.22 
2.71 
12.8 

7.17 

6.6 
6.91 
10.5S 

2.05 

1.61 

Ajresolved 

% per decay 

71.0 

21.6 
83.0 
15.6 

6.7 

13.1 
12.1 
8.4 

13.8 
7.2 
12.7 

36.7 

29.8 
30.0 

* « T » 

•) 
15 

15 

16 
25 
20 

40 
24 
15 

*) upper limit of intensity error by quanta ordering in % of only part of the spectra 

area in the energy region 2 < Ei < 3 MeV. 

Table 3. Comparison of parameters for ,e0Tb and imAu. 

Nucleus 

mTb 

198 Au 

Bn,Jl 
MeV 

6.375,2+ 

6.513,2+ 

<D> 
eV 
3.9 
16.5 

final levels 
l - , 2 - , 3 - , 4 -
l - , 2 - , 3 - , 4 -

Probable quanta 
multipolar! ty 

El + Ml 
Е1 + Ж 

rv 
meV 

97 
128 

K/<K > 

14 
3.3 
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There is no difficulty in subtracting several tens of narrow (several keV) peaks 
from the experimental intensity distributions. Naturally, the accuracy of this pro
cedure depends on the quality of the spectrum, i.e., on the "noise" fluctuations re
lated to the background subtraction procedure [7] to obtain the cascade intensity 
distributions. That is the reason for excluding some two-step cascade spectra when 
decomposing the distribution into two components. For instance, in the M6JV<f nu
cleus only cascades to the first excited 2+ states are considered. Table 2 contains 
some information used to obtain the shown (Figs.1-4) cascade intensity dependence 
on the primary transition energy Et, namely, n'j - the number of decomposed two-
step cascade spectra; 1'^ - the total intensity of these spectra; E' - the excited state 
energy dividing all spectra in two parts; Д|""*"г - the area of all decomposed cascade 
spectra in the energy interval E' < Ея < Д , - £ " ; and Д^" '""* - that part of the 
cascade intensity which includes contributions from all resolved cascade transitions. 

It is evident that the interval E' < Ey < B„ - E' is narrow and contains 
no more than 20 — 30% of the total intensity and the posible inaccuracy is not 
significant. It should be noted that this interval is situated in the middle of the two-
step cascade spectrum, and the energy of both primary and secondary 7-transitions 
is approximately equal; dividing it into halves seems reasonable. 

A more considerable systematic, error could be connected with the assumption 
about the unresolved part of cascades populating intermediate states below E' (E, > 
Bn - E'). From Table 1 it can be seen that in the spherical nuclei >37.i38,i39Ba a n t j 
U6Nd and the nor.deformcd nucleus of , 9 CPt, almost all levels below 3 MeV predicted 
by the BSFG-model were observed and their resolved cascades placed. In that case, 
for the unresolved peaks, the reliable assumption is that the low-energy transition is 
the primary one. 

In the deformed nuclei of 156,58Gd, ,6*Dy and ,e*Er, only 30 - 50% of the model 
[14] levels (n f ' ) were experimentally observed. So up to half of their predicted 
two-step cascades are included in corresponding two-step cascade spectra as broad 
unresolved quasicontinua. It should be noted, that the most intensive part of the 
cascades is resolved and this quasicontinuuin part carries less information on cascade 
intensity. For that residual unresolved part divided by the assumption that the low-
energy transition is primary, any systematic error should be correctly taken into 
account. 
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"Ba 

' 15.0 -

0.5 1.5 2.5 3.5 
Е,, MeV 

Fig.l. Distribution of total two-step cascade intensities (in % per decay) as a 
function of primary transition energy, for the spherical nuclei 137'l3i№j}a and I46JVd. 
The histogram represents the experimental intensities summed in energy bins of 
500 keV; the statistical errors are shown. Curve corresponds to the BSFG-model 
predictions. 
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2.S 4.5 
E,. MeV 

2.5 4.5 
E,, MeV 

Fig.2. Intensity distribution for lS0Sm, 156-15*Gd and i6*Dy nuclei. The notations 

are the same as in Fig.l. 
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Fig.3. Intensity distribution for lnEr, "4Yb, ""Я/ and 196Pt nuclei. 
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Fig.5. The location of maxima in cascade intensity distributions relative to the 
neutron binding energy, B„, versus atomic mass number .4. Lines represent the 
QPNM prediction of single-particle (Woods - Saxon potential) 3pt/> and 3;).,/г states 
for spherical nuclei and states with K" — 1/2" and 3/2" for deformed nuclei. 

о - the locations of the maximum for spherical nuclei. 
Л - the locations of two maxima in the case of deformed nuclei. The distributions 

of Fig.3 are decomposed into two peaks, assuming a Lorcntziau shape. 
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Under the acceptable assumptions for El- and Ml-transition radiative strengths 

and their Porter-Thomas fluctuations, the error estimation gives its upper limit as 

81-rr That upper limit of spectra decomposition error is present in Table 2 in % 

of unresolved cascade intensities for the narrow energy interval (2 < E\ < 3 MeV). 

Such errors are mainly related to weak cascades with primary transition energies 

E\ > B„ — E' falling into the continuous distribution (high level density). That 

part of all cascade areas is small and does not change the shape of the examined 

dependence /« ' • = f(£,). 

5 Discussion and Summary 

The intensities of two-step cascades to several low-lying levels of some spherical and 

deformed nuclei are shown in the form of histograms as a function of their primary 

transition energy E\. The calculated cascade intensities (smooth line) of the decom

posed spectra are compared with experimental intensities. 

The most noticable experimentally revealed feature of compound-state cascade 

depopulation is "nonstatistical" - the strongly structured shape of the intensity spec

tra (Figs.1-4). These structural effects appear in different ways for various nuclei. In 

spherical nuclei the most intense cascades are measured at primary transition energies 

E\ > 4 — 5 MeV (Fig.l). Low-energy primary transition intensities in those nuclei 

are comparable with the calculated ones. Another general feature of the >37-'38,i395(J) 

146JVd and 1 9 6Pi, хжАи nuclei is a relatively large value of Г£ - the reduced neutron 

resonance width determining the cross section for thermal neutron capture. For these 

nuclei Г* is greater than < ГЦ > [18], the average value over all resonances of the 

nucleus. 

In strongly deformed nuclei from the begining of the 4s-resonance of the neutron 

strength function, namely ,56,l5*Gd and 164Dy, a second local maximum of intensity 

distribution was revealed at the primary 7-quanta energy of Ej = 2 — 3 MeV. This 

intensity enhancement is absent in calculated intensities, because the chosen models 

predict a smooth energy dependence for level density as well as for gamma strength. 

In the 1в0Г6, , 6 8 £r , l74Yb and Ш Я / nuclei these two local intensity maxima are 
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very close and probably create a joint peak, i.e., the greater part of the primary 

transition intensity falls in the excitation energy region of about l / 2 B n . 

In nuclei from the end of the 4s-resonance region, 136Pt and 198A«, this second 

local intensity maximum is not revealed, i.e., there is no significant intensity enhance

ment at the primary transition energy of E\ ~ 3 MeV. Probably, when increasing 

the mass number A and changing the shape of the nucleus, the cascade intensity 

distribution changes its shape as well. 

Additional evidence of this hypothessis is the transitional nucleus, yl0Sm. The 

cascade intensity peak at E\ — 3 MeV exists; but it is not as clearly expressed. 

For a better understanding of the above mentioned attempt to explain the ob

tained results by the relation between nucleus shape and the excitation probability 

of high-lying levels, the ,60ГЬ and ,ogAu nuclei will be analysed separately. Both 

nuclei are odd-odd, but the *e"Tb nucleus is well deformed and the 19SAu nucleus is 

spherical. Parameters defining capture gamma decay properties, in accordance with 

modern comprehension, are close for thesi' two nuclei (see Tabie 3). 

Since the odd-odd nucleus has the potential for a great variety of combinations of 

different quasiparticle excitations, even at low energies, the level densities observed 

are higher than those seen in neighbouring nuclei (see Table 1). Fig.4 shows a rather 

different cascade intensity dependence on the excited level energy for these two nuclei. 

None of the systematic errors nor any statistical errors explain this discrepancy of 

ihe principle of obtained cascade intensity at Et > 3 MeV. 

The average 4s-wave resonance spacing < D > differs for these two nuclei and one 

could expect its influence on the intensity dependence. But the calculated cascade 

intensity distributions are very close in shape, i е., in the statistical approach the 

parameter < D > does not effectively influence the intensity distribution. 

Similarity in the shape of the observed dependence l ^ = f (£ | ) for even-even, 

even-odd and odd-odd nuclei having the same nucleus shape, and its difference wheal 

nuclei differ in shape, permit one to assume that two-step cascade intensities in heavy 

nuclei depend on the shape of the nucleus. 

The difference in the processes of high-energy level population in spherical and 

deformed nuclei could be connected with the feature of their structure. Among the 

reasons are strong noustatistical effects related to the 4s-maximum of the neutron 
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.strength function. The model calculation [19] shows that the quasiparticle state 510T 

in the mass region 150 < A < 180 is situated about 2.5 MeV below Bn (Fig.5). Fig.5 

has been taken from paper [19] and shows the QPNM approach to the 3pi/2 and Зрз/2 

neutron states for spherical nuclei and the K* = 1/2" and 3/2" states for deformed 

nuclei. The energy of the 3p neutron subshell decreases with increasing mass number 

A in spherical nuclei. In the region of well deformed nuclei 150 < A < 190 close 

to B„ there are smgle-particle K" = 1/2", 1/3" states. The enhanced transitions in 

light nuclei are successfully explained in terms of single-particle neutron exchanges 

between the 3s and 2p or 3p and 3s shells [20]. 

In heavy deformed nuclei the single-particle strength is fragmented and is dis

tributed among many nuclear levels. Thus the contribution of 4s —* 3p transitions to 

the partial gamma-width is small and not observable by simple detection techniques 

[21]. The advanced two-step cascade method allows one to see the sum of the transi

tion intensities as an integral characteristic of that fragmented strength, and reveals 

information on transitions between the As and 3p neutron orbits. 

In paper [22] the pronounced local maximum of intensity of primary gamma rays 

at 2.5 MeV for the ,56Gd nucleus was treated as enhanced 7-transitions between the 

lnany-quasiparticle components of the capture state and excited states with energies 

of 5.5-6.5 MeV. Because the experimental data involve only 10~6 part of the neutron 

resonance wave function, it is possible to say that a state whose largest component 

is described by a single many-quasiparticle configuration (more than 10-20%) has its 

own characteristic features. 

To summarize, the proposed explanation of observed intense cascades via inter

mediate states lying only 2-3 MeV below Bn is only a hypothesis. Most important are 

the results of the broad investigation of many heavy nuclei. The two sets of nuclei, 

generally differing in shape, manifest different forms of cascade intensity distributions 

as a function of their primary transition energies. 
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Анализируются полученные в последнее время интенсивности двухквантовыху-каскадов 
в 14 тяжелых ядрах: • ^ " • • " » В а , '«Nd, »S0Sm, , s 6 1 5 , G d . "°ТЬ, , 6*Dy. 1MEr, , 7 4Yb, m H f . 
196Pt и "'Аи. Эксперименты, использующие захват тепловых нейтронов, выполнены преиму
щественно в Лаборатории нейтронной физики ОИЯИ. Из сопоставления экспериментальных 
интенсивностей и предсказаний статистической теории выявлены некоторые свойства, свя
занные с разрядкой компаунд-состояния тяжелого ядра. В сферических ядрах ' Ва и 
M 6Nd обнаружены очень интенсивные каскады с высокоэнергетическими первичными пере
ходами. Существенно отличается поведение интенсивности каскадов в сильно деформирован
ных 1 5 6 , , s*Gd, l i 0 Tb, l 6 4Dy, , M Er и переходном ядре l 50Sm, интенсивность первичных пере
ходов с Е, — 2—3 МэВ превосходит расчетную величину более, чем на порядок. 

Работа выполнена в Лаборатории нейтронной физики ОИЯИ. 
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