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Abstract: 

The 7-decay following the l 8 I ' i e s Dy( 3 He,oxn) reactions with £ j H e = 45 MeV has 
been studied. Non-statistical ^-radiation with energies of £ , K 1 MeV and = 2 
MeV is found for various residual nuclei. The properties of these 7-ray bumps de
pend on the number of emitted neutrons and reveal an odd-even mass dependence. 
New techniques to extract average neutron energies as a function of excitation en
ergy and of the number of emitted neutrons are employed. The deduced neutron 
energies are consistent with Fermi-gas model predictions. 

N U C L E A R R E A C T I O N I 6 3 I 6 5 D y ( s H e , a x n ) , E,He = 45 MeV; measured 
a[Ea), E-,, /-^a-j-coincidence. Deduced 7-ray multiplicity, neutron energy. En
riched targets, Ge, Nal, Si detectors. Fermi-gas model analysis. 



1 Introduction 

In this paper we investigate the decay properties of some Dy nuclei in an 
excitation energy region from the ground state up to the threshold for fission 
The nuclei are excited through the (*He,a) one particle transfer reaction The 
nuclear spin is therefore restricted by the range of single particle angular muti.t-iiia 
available. In the ( sHe,a) process we expect the excitation energy to be distributed 
over various intrinsic modes of motion, which makes it possible to associate the 
excitation of the nucleus with a heating process. 

In general thermodynamics, temperature is a concept defined for stales of 
equilibrium. Such a condition may not be fulfilled for nuclear states. A sufficient 
density of states, and a lifetime long enough to ensure that the energy supplied is 
distributed statistically on the various degrees of freedom in the system, are both 
necessary conditions. In the discussion below we compare the experimental results 
with expectations from such a thermodynamics! picture of the nucleus. Both the 
emission of particles in evaporation-like spectra and the shape of the statistical 
7-ray spectra give support to the relevance of the concept. 

The aim of this investigation is to gain further insight into the structure of 
states built up by intrinsic excitations and about the physical laws that govern 
this interplay of nucleonic motion. The method employed is to study the detailed 
peak structures as well as the gross properties in the spectra of -y-rays emittt'd 
from the various excitation energy regions. 

2 Exper imenta l me thod and results 

Selfsupporting targets of w , D y and 1 6 J Dy, isotopically enriched to QG'X arid 
97% respectively, were bo. jded with 45 MeV 'He particles from the MC 35 
cyclotron at the University of OBIO. Charged particles and -p-rays were detected 
in a set-up consisting of four AE — E particle telescopes and four -j-rav detectors. 
The technique employed is described in detail in a previous paper ' ' . 

The particle telescopes were placed symmetrically around the beam axis at 
40° forward angle. The AE and E Si detectors had thicknesses of 150 /im and 
3000 i*m and were used to select a-particles with energies between 20 MeV and 60 
MeV. The Q-values for the 1 6 2 Dy( s He,a)""Dy and 1 6 3 Dy( s He,a ) 1 6 J Dy reactions 
are 12.6 MeV and 14.4 MeV, respectively. Thus we were able to study the region 
from the ground state up to approximately 40 MeV of excitation energy under the 
present experimental conditions. The total solid angle for the four telescopes was 
0.26 sr, and the average energy resolution (FWHM) was around 300 keV. 

The experimental singles a-particle yield recorded as a function of energy is 
shown in fig.) for t lf Inn reactions. The analysis of the ( s He,a) spectra were 
hampered by the impurities of carbon and oxygen in the targeta giving rise to 
significant a-particle peaks, as clearly seen in the upper part of fig.l. 
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Separate experiment* were carried out with a foil of natural carbon ami a Unn 
paper at targeta. From these spectra a contamination spectrum was constructed 
with the same ratio between carbon and oxygen as in the dysprosium experiments 
In the lower part of fig.I are shown the spectra from the two reaction» after 
subtraction of the contamination spectrum. All impurity peaks were not removed 
from the spectra in this way. Among these, the broad peak at around 11 MeV .» 
presumably the result of a pile-up peak from the SK counters. This t.,nttib.,ii-/n 
is particularly unpleasant in the spectrum from the | c , D y ( 5 l l c , a ) reaction 

A comparison of the two corrected spectra shows that the a-particle yield 
varies less than 30% for o-paxlicle energies between 30 and 53 McV. Consequentl>, 
for a scattering angle of 40°, the ( 9He,a) reaction excites the Dy nuclei with 
approximately constant probability for excitation energies ranging from a few McV 
up to nearly 40 MeV. 

Singles a-particle spectra were recorded along with the particle-7 coincident 
events. Two 19% Ce detectors provided high resolution f-ray spectra which are 
employed to identify various residual nuclei by their yrast transitions. Two 5" * 5" 
Nal counters, equipped with appropriate lead-collimators, recorded the 7-radiation 
with a total detection efficiency approximately independent of the -j-ray energy. 
The Nal spectra were used to determine the average 7-ray energy and the -;-
multiplicity as a function of excitation energy. 

Alpha-coincident 7-ray spectra recorded with the Gn detectors are shown in 
fig.2. The upper spectrum is from the 1 8 J Dyf 'He,axn) reaction and the lower one 
from the 1 M Dy( 5 He,axn) reaction, with no restrictions on the «-particle energy. 
Consequently, the spectra represent the total yield from the reactions and provide 
information about the relative channel cross sections. The even-even final nuclei 
are easily identified from the limited number of prominent ground band transitions, 
in contrast to the odd nuclei where the decay is spread over several competing 
transitions. 

In the f-ray spectrum from the 1 6 sDy('He,<xxn) reaction the yrast transitions 
from three even-even final products are easily identified. The relative intensity 
ratios of the 4 + - 2 + transitions in l s 2 Dy, 1 6 0 D y and l 5 8 D y are 1.0 : 1.2 : 0.3, 
respectively, in this case relatively low population of 1 E 8 Dy is due to the energy 
threshold of the particle detectors. In the radiation following the i e ,Dy( 3He.<ixn) 
reaction the intensity ratio is 1.0 : 1.1 for 1 6 0 Dy and 1 6 8 Dy. 

Since the intensities of 7-rays from the even-even products are approximately 
equal, these nuclei account for equal fractions of the total reaction yield. Further
more, since the differential ( 3He,a) cross-section at 6 = 40° is nearly constant, in 
the studied energy region, these yields are led from equally wide excitation unergy 
domains of the a-particle spectra. 
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3 Gammardecay properties 

3.1 Feeding regions 
Figure 3 show* a-particle spectra obtained with gate* on prominent -vlincs in 

the Ge spectra (see fig.2) which are known to belong to the decay of the various 
Dy isotopes. These a-particle groups show the energy regions in the nucleus 
directly created in the transfer process which feed the various final isotopes. These 
feeding regions are the results of the balance between the two decay modes; particle 
evaporation and f-decay. 

The ground band transitions contain a major part of the total yield, therefore 
the corresponding feeding regions are well established. However, the total ~i-
decay intensity in 'the odd nuclei is widely spread on many transitions giving less 
significance in the results for these nuclei. As seen from fig.3, the extracted a-
particle yield for "'Dy is particularly weak. 

It is evident from the lower part of fig.3 that the heaviest products in both reac
tions have fairly well separated feeding regions. This fact illustrates that neutron 
evaporation is much more favourable than f-decay in cases where both processes 
are energetically possible. When more than one neutron evaporate , the associ
ated a-particle spectrum becomes more like a Gaussian distribution, indicating 
the competition between the neighbouring channels. At higher n channels, the 
a-particle distributions tend to have extentions towards lower a-particle energies. 
This feature is clearly visible in the feeding regions of l e o D y from both reactions. 
Here, the data indicate that neutrons with energies as high as 10-12 MeV are 
emitted. 

Table 1 shows the centroids and FWHM values deduced from the feeding re
gions in fig.3. TheJFWHM values are rather constant for the n = 1-3 channels. 
This confirms the conclusion of sect.2 that various regions constitute nearly iden
tical effective widths. Relatively low FWHM values of the On channels, feeding 
regions of 1 6 I D y and 1 , J Dy, are due to their well-separated particle groups. The 
low FWHM value of the 4n channel is a result of the energy threshold of the 
particle detectors. 

3.2 Decay strengths 

The Tf-ray decay pattern of various final Dy nuclei can be studied in detail by 
gating on the appropriate feeding regions shown in fig.3. The most pronounced ~r-
lines in the gated Ge spectra of the even-even nuclei belong to the yrast transitions, 
which is also seen in fig.2. However, in the gated Ge spectra transitions between 
vibrational states and the ground band members are also evident. 

The 7-decay strengths for various isotopes are shown in fig.4. The uncertainties 
of the intensities of resolved lines are estimated to be 10% , rising to 50^0 lor the 
weakest ones. The total side-feeding into the yrast band is determined from the 
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Intensities of the yrsst transitions. The intensities noted as unresolved n-prrai-M 
the side-feeding not accounted for by the discrete lines. 

Figure 4 demonstrates that the relative importance of the various decay rcutes 
changes with the number of emitted neutrons. The l u D y ( , M e , o ) l u D y channel 
reveals decay of high lying [EM > 2 MeV) levels with one branch f'-^ing directly 
into the ground band and another branch going into the vibrati in.Is. Doth 
routes seem to have the same strength. However, for the In . ..rl ("'"l)y) a 
direct feeding into the ground band seems more favoured than the decay via the 
vibrational bands. In "'Dy, where 4 neutrons are evaporated, mainly the direct 
feeding to the ground band levels is observed. The same trend is seen in the 
" 2Dy('He,axn) reaction for the residual '"Dy and 1 M D y nu-lci. The ^-strength 
which feeds directly into the ground band increases with a factor of 1.6 as the 
number of emitted neutrons increases from 0 to 4. The spin distribution of the side 
feeding to the yrast states does not show any systematic changes, although there is 
a tendency that the width increases with the number of emitted neutrons. Thus, 
the change in decay routes cannot be explained by differences in the populated 
spins only. 

The observed differences in the decay routes may be related to changes in the 
average structure of the populated daughter nuclei, due to the evaporation of neu
trons. The emission of neutrons will presumably smear out or remove particular 
structures of the nuclear states, e.g. single- or two-quasiparticle configurations of 
dominance. 

3 . 3 G a m m a - r a y b u m p s 

Further information about the if-decay properties is obtained from the coin
cident 7-ray Nal spectra of 6g.5. Apart from the low energy yrast transitions, 
the intenities of the -7-ray spectra decrease exponentially as a function of T-ray 
energies for both even-even and odd-even nuclei (indicated by the dashed lines 
in fig.5). However, the spectra of nuclei produced in the few n channels show 
deviations from this statistical shape. 

The heaviest even-even reaction products exhibit two 7f-ray bumps which are 
superimposed on the statistical shape. One of them is centered around a 7-ray 
energy of 1 MeV and the other one, which is wider, is located slightly above 2 
MeV. A general decrease in the strength of the bump structures is observed as the 
number of emitted neutrons increases. For 1 ! 8 D y the bump structure is completely 
washed out. The ">-ray spectra of the odd mass nuclei reveal a 2 MeV bump with 
roughly the same strength as for the even-even nuclei. However, the 1 MeV bump 
is absent. 

The bump structures have been observed earlier in several deformed rare earth 
nuclei 2 , s ' 4 ' . We therefore believe that these bumps represent a characteristic 7-
decay pattern of highly excited low spin states in deformed nuclei. Their siferiiicant 
contribution to the total 71-decay make them of considerable interest. 
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In order to gain taught into these nonslalistical structures, simulations' 1 of 
the i-decay within ft Fenni-ges have been performed. The i-decay from a certain 
energy region E, is estimated using the Monte Carlo technique with the decay 
probability function 

P(Bn) « £ > ( £ . - £ , ) . (1) 
Here, E-, is the T-ray energy and p is the level density whicH is computed in the 
excitation energy region after the i-emission. The exponent n is believed to be 
between 3 and 5 *'. In the lowest excitation energy region ( £ , < 2 MeV), tlie level 
density can be approximated by counting the levels. For higher excitation energies 
(E, > 2 MeV), a level density function of the independent Fermi-gas model with 
pairing is used (see Richter 7 '). 

The simulations indicate that the 1 MeV and 2 MeV bumps originate from 
the lowest excitation energy region where a large variation in the level density is 
present. Qualitatively, the 1 MeV bump corresponds to transitions from the low
est lying two quasiparticle states (E, es 2 MeV) to the vibrational states (Kt as 1 
MeV) and from the vibrational states to the ground band states. The model gives 
contribution to the 2 MeV bump from transitions originating from two quasipar
ticle states (Ex ss 2 MeV) decaying into the ground band. By this interpretation, 
the bump structures represent the two groups of transitions shown in fig.4. 

An explanation of the 2 MeV bump in the odd system is given by Chen and 
Leander using the particle-rotor model 8 , 9 ' . They explain the occurence of the bump 
by the favoured interband Ml ->-ray transitions between the widely separated high-
j orbitals. 

4 Gamma-ray multiplicity 
The Tf-ray multiplicities of the l a 2 Dy( s He,a ) and 1 6 3 Dy( s He,a) reactions are 

shown in fig.6. These spectra are obtained by dividing the a-particle spectra 
taken in coincidence with -y-rays measured in the Nal counters by the correspond
ing singles a-particle spectra. A -y-ray energy threshold of 430 keV was chosen 
for the Nal counters in order to obtain an almost constant detection probability 
as a function of E^. Since the ground band transitions have energies below this 
threshold, the "7-ray multiplicity spectra of fig.6 include statistical or quasistatis-
tical ^-cascades, only. The absolute normalization of the multiplicity spectra is 
determined with an accuracy of 20% . 

For a-particle energies above the neutron binding energy B„, the multiplic
ity increases with decreasing a-particle energy in both nuclei. There is a sudden 
drop in multiplicity just below B„. This sharp edge in the multiplicity spectrum 
demonstrates that neutron emission dominates as soon as this decay mode is ener
getically possible. The 7-ray multiplicity below B„ is due to the 7-ray transitions 
in the daughter nucleus after the neutron emission. Also, the evaporation of two 
neutrons at a-particle energies just below B}„ is associated with a decrease in 
multiplicity for both reactions. The multiplicity curve reveals a possible even-odd 
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m u s dependence. In the even-even nuclei the multiplicity reaches a maximum of 
•bout 4 and approximately one unit leu in the odd nuclei due to the lower neutron 
threshold there. 

Similar sudden drops are not clearly observed in the lower a-particlo energy 
region. This may be due to the competition between the neighbouring channels. 
In the high excitation energy region (low «-particle energy) the multiplicity ha» 
values close to the maximum for the even-even nuclei, even though the t-ray 
emitters in this region are both of even-even and odd-A type. 

The increase in multiplicity with excitation energy is probably associated with 
the change in the decay routes as shown in fig.4. The decay routes which populate 
directly the ground band seem to contribute with a higher multiplicity than the 
decay routes which also include the population of vibrational states localized in 
the 1.0 - 1.5 MeV excitation energy region. 

5 Determination of neutron energies 

The experimental data provide information about gross properties of the neu
trons emitted after the transfer reaction even though the neutrons arc nut directly 
observed. Thus, the features of these neutrons are deduced from tht observed 
a-particle and 7-ray quantities. An outline of the technique is given below. 

Let us assume that the pick-up process leaves the nucleus with an excitation 
energy Et, sufficient for a forthcoming evaporation of i neutrons. Thus, the energy 
relation 

Et = £ t,+Bt„ + E'I (2) 

is fulfilled, where Bxn is the threshold energy for the emission of i-neutrons, 
E't is the excitation energy of the daughter nucleus before f-decay and (, is the 
energy carried by a neutron. It follows that 

< i >= l / x ( < Ez > -Bt„- < Ex>) , (3) 

where 

X = XjxJZu. (-1) 
1 = 1 

The excitation energy < E'x > is connected to the 7-ray multiplicity by 

< E'x > = < En >< Mn > . (5) 

An analysis of the average neutron energy as a function of excitation i-nergy 
can be carried out using eq.(3). The -y-ray multiplicity of l 6 2 D y as a function 
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ol excitation energy is shown in fig.7. Above the neutron binding energy, the 
multiplicity curve corresponds to transitions in ""Dy. This spectrum is tornparc-d 
to a fit to the multiplicity curve obtained in the w , Dy( ' l l e ,a ) reaction (dashed 
curve). The difference between the two slopes is related to the energy earned away 
by the emitted neutron. The average neutron energy < i > obtained in this way-
tit corresponds to the x -1 case of eq.(3) ) is shown as a function of th< excitation 
energy in fig.8. It should be noted that the experimental conditions correspond to 
an average over all neutron angles. Unfortunately, the impurity which lies around 
Ea = 44 MeV (see sect.2) prevents a detailed investigation. However, an increase 
in the average neutron energy is evident by increasing excitation energy. A linear 
fit to the data (solid line) gives a rate of d(/dEt •=. (0.3 i 0.1) and an average 
neutron energy of < i > = (1.3 ± 0.3) MeV. These values arc averaged beeuvee» 
excitation energies of 1 MeV and 8 MeV above the neutron threshold of /-,', II,. 

In a statistical description of the compound nucleus, the average neutron en
ergy is related to the temperature of the final nucleus 1 0 ' as < e > - 27". Thus, :In-
increasing average neutron energy in fig.8 indicates an increasing temperature in 
the daughter nucleus by the excitation energy. The average temperature for t lu
lu channel deduced from the above given neutron energy is (0.65 r 0.15) MeV 

The experimental data permits us to employ a different method to study tin-
average neutron energies also at the higher xn channels. Here, we apply e<j.Ci). 
where < Ex > is determined as the center of gravity for the Q-partich- groups 
of fig.3 which are taken in coincidence with -y-rays in the corresponding daughter 
nucleus. The average excitation energy < E'M > can be evaluated from the -;-ray 
multiplicity < M-, >, by using eq.(5) where the average "/-ray energy < En > is 
determined from the Nal f-ray spectra. 

The resulting average neutron energies < ? >, are shown in fig.9 as a function of 
the number of emitted neutrons. The average neutron energy in the In channel of 
the 1 8 3 Dy( 3 He,a) reaction is calculated to be (1.4 ± 0.2) MeV in perfect agreement 
with the data of fig.8. When 2 and 3 neutrons are evaporated the average energy 
increases to appioxirr.ately 2 MeV. 

A theoretical estimate (dashed line in fig.9) is obtained with the computer code 
Cascade which calculates the neutron evaporation spectra after the formation of 
a compound nucleus in statistical .-quilibrium. Further details on this model are 
given in ref.11'. The emplo>ed angular momentum distributions and excitation 
energy regions were determined from the experimental yrast population ;ind the 
position of the particle groups of fig.3. Level densities were calculated from the 
Fenni-gas model and the level density parameter is adjusted to give the best Pi 
to the experimental results. The model reproduces the data satisfactorily. The 
sudden increase in neutron energy from In to 2n is described quite veil. lio .ever. 
the odd-even staggering effect is not accounted for in the present model. 
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6 Summary 
The decay properties of several Dy nuclei were studied using the 

'"DyCHe.oxnj^'-'Dy and w , D y ( , H e , a x n ) 1 M 'Dy reactions up u> an .x< ii.u.oii 
energy of about 40 MeV above the ground slates of w , D y and , e , l ) y 

The 7-trar>Mtl >ei observed in the Gc spectra of the even-even Dy nuclei could 
be classified in i . u,>s : (i) yrast transitions, (it) transitions from wbr.v 
tional band states into lie ground band and (in) transitions ferding direct l> into 
the ground band. It was found that the relative number of transit ion-, via the 
vibrational states to transitions feeding the ground band states direrlly change 
significantly with the number of emitted neutrons. 

This dependence is also reflected in the Nal "7-ray spectra. The heaviest even-
even nuclei produced directly or by one neutron emission exhibit two i-ray bumps 
superimposed on a statistical spectrum, with f-ray energies of 1 MeV and 2 MeV. 
The odd-even products feature a 2 MeV bump, only. Fermi-gas model calculations 
indicate that thes bumps originate from the lowest excitation energy region where 
the low lying continuum states feed into the ground band either directly or via 
vibratioi al states. The bumps lose their strength in the spectra of the lighter 
reaction products. The change in decay pattern can be related to a temperature 
or spin effect which is not completely understood. However, supported by tin-
consistent occurence of these structures in several nuclei, we conclude that they 
are characteristics in the -/-decay of highly excited low spin states. 

The *y-ray multiplicity spectrum exhibits the decay properties of states above 
and below the neutron threshold. The sudden drop in the multiplicity curve 
around the neutron binding energy demonstrates that neutron emission dominates 
as soon as it is energetically possible. Bumps associated with one and two neutron 
emissions are visible in the multiplicity spectra. Due to the competition between 
neighbouring neutron channels, three and four neutron emissions arc not well 
separated by the multiplicity. 

The experimental data allow us to extract neutron energies as a function of the 
excitation energy in the 1 0 3 Dy( s He,an ) l 6 1 Dy reaction. Here, the average nuclear 
temperature is (0.65 ± 0.15) MeV. Furthermore, we have obtained estimates on 
the average neutron energy as a function of the number of emitted neutrons. 
Apart from a possible odd-even mass dependence, the results arc consistent with 
statistical model calculations. 
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Table I: Properties of a-pwtkle distribution» 
Target nucleus Final nucleus < Bm> FWHM 

(MeV) (MeV) 

'•'Dy 53.0(5) 6.0(8) 
"°Dy 42.7(2) 11.9(20) 
, w D y 31.4(2) 8X1(20) 
i « D y 23.7(14) 10.0(20) 

!«*Dy 53.0(5) 6.8(6) 
, e , Dy 45.5(7) 11.5(22) 
i « o D y 35.1(5) 11.5(20) 
i » » D y 26.6fS) 10.3(20) 
•"Dy 19.7(8) 6.8(6) 
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Figur» caption: 

Fig. I Th* upper part showa the singles a-partklt spectra. The lower part ts 
obtained after subtraction of the contamination spectra. 

Fig.2 Gamma-ray spectra from Ge detectors taken in coincidence with the a-
particles. 

Fig.3 Alpha-particle spectra produced with gates on -j-lines which belong to vari
ous Dy isotopes. 

Fig.4 Decay level schemes for various Dy nuclei. For each nucleus the qujlcd 
intensities are normalized to the 4* - 2* yrast transition. 

Fig.5 Gamma-ray spectra of various Dy nuclei 

Fig.6 The upper Fart shows the singles a-particle spectra. The coincidence a-
particle spectra (middle part) are taken in coincidence witH -y-rays from the 
Nal counters. The lower spectra show the -y-ray multiplicii ies as a function 
of a-particle energy. 

Fig.7 The low excitation energy part of the multiplicity spectrum from the 
, e s Dy(*Hé,a) reaction. 

Fig.8 Average energy of evaporated neutrons from 1 8 , D y is shown as a function 
of excitation energy above the neutron threshold. The lack of experimental 
data between 5 and 7 MeV is due to impurities in the singles spectra (see 
fig.l). 

Fig.9 Average energy of evaporated neutrons is shown as a function of the number 
of emitted neutrons. The squares show the results from the 1 6 'Dy( 3 Hc,a) 
reaction whereas the urcles represent the results of the , f l 3 Dy( J He,a) reac
tion. The dashed curve is obtained from a statistical model calculation with 
the level density parameter a = ' 3 MeV" 1 . 
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