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Abstract: 

The Q-particle energy distributions from the 1 6 3 Dy( 3 He,a xn 7) reac
tions with E(3Ue) = 45 MeV have been studied. The a-particles populating 
i5a-i62j)y n a v e D e e n selected by setting gates on the yrast transitions in the 
respective isotopes. A model based on neutron decay within a Fermi gas 
is presented. A comparison with the experimental data shows that a sub
stantial part of the decay originates from a hot region of the nucleus. The 
experimental data are well described by assuming that a part of the decay 
originates from a region with a low level density parameter of a ~6.0 M e V - 1 . 
The probability of decay from the hot region increases with spin. 

NUC L E AR REACTION 1 6 3 Dy( 3 He,a i n 7), £( 3 He) = 45 MeV; mea
sured <r(Ea), Ey, /^, Q7-coincidences. Deduced ct-particle and neutron energy 
distributions. Enriched target, Ge, Si detectors. 



1 Introduction 
The ( 3He,a) reaction with projectile energy of 40 - 50 MeV is known to be an 
ordinary pick-up process in the vicinity of the ground state. A recent study 1) 
of the 1 6 3 Dy( 3 He,a ) l 6 2 Dy reaction using a high resolution spectrograph shows 
that states populated at least up to 3 MeV can be understood in terms of a 
one-step pick-up process of neutrons from high-j Nilsson orbitals. 

At higher excitation energies (> 10 MeV) the pre-equilibrium process 
plays an increasing role. The fused system might in an early stage give off 
the a-particle and neutrons from a small heated region of the nucleus. The 
main parameters in this process has been described 2 , ) by the particle-hole 
number of the intermediate state participating at that time in the sequence 
towards an equilibrated compound system. An analysis 4) of the slope of 
the a-particle spectrum indicates that a substantial part of the decay 
of a-particles comes from an emission source with temperature T ~ 5 MeV. 
This finding holds for scattering angles at least up to 80° with respect to 
the beam direction. Furthermore, it was observed that the u-particles are 
strongly forward-peaked, also for a-energies close to the Coulomb barrier. In 
a very recent work 5) the spin distribution of the ( 3He,a) reaction at 45° was 
detcmined and found consistent with the introduction of pre-equilibrium in 
the 10 - 40 MeV excitation region. Other experimental studies of the ( 3 He,a) 
reaction mechanism is found in refs.6*"9). 

The aim of the present work is to obtain information on the pre-equilibrium 
neutrons following the a-emission. The temperature of the neutron emission 
source is expected to be lower than for the a-source since neutrons are as
sumed to be emitted later in the equilibrium process. The spin dependence 
uf the hot source is also investigated. 

The experimental technique is based on measuring a7-coincidences in the 
l 6 3Dy{ 3He,u!.rn) 1 6 2 *Dy reaction. In this way it is possible to select the Q-
particle energy distributions connected to the various zn-channels. This new 
technique has some similarities with standard studies of ( a , i n ) excitation 
functions8) where the tail of the excitation functions at high beam energies 
is interpreted as the emission of high energy neutrons from pre-equilibrium 
states. In our work the beam energy is kept fixed and various excitation 
energies in the mother nucleus is obtained from the a-particle spectrum. The 
present technique has the advantage that the yield of the various excitation 
energy bins is automatically normalized to each other and that, in our case, 
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more than 300 energy bins have been measured within a single experimental 
run. 

2 Experimental Method and Results 
The experiment was carried out with 45 MeV 3He-particles from the MC—35 
cyclotron at the University of Oslo. The 2.0 rag/cm2 thick 1 6 3 D y target was 
isotopically enriched to 97 %. The reaction is strongly exothermic with a 
<?-value of 14.3 MeV. 

The charged ejectiles were detected with eight particle telescopes placed 
at an angle of 45° relativ, to the beam direction. Each telescope is equipped 
with a 15 /jm thick Al absorber and consists of one Si AE detector and one 
Si(Li) E detector with thicknesses 150 fim and 3000 /un, respectively. The 
total solid angle of the telescopes is 0.5 sr, and the energy resolution is 0.3 
MeV. 

The 7-ray transitions were observed with two Ge detectors having effi
ciencies of 50 and 70 %, respectively, and an energy resolution of 2.1 keV 
at E-, = 1.3 MeV. The time interval between particle and 7-ray signals was 
recorded on tape in order to subtract the background of random coincidences. 
The energy calibrations for the various detectors were carefully matched in 
the off-line analysis, so that spectra for each type of detector could be added. 

The total singles a-particle spectrum is shown in fig. 1. For excitation 
energies below 4 MeV the spectrum is dominated by strong particle groups 
which have been observed in the high resolution ( 3 He,a) experiment of ref. 1). 
The group at Ex = 0.4 MeV is due to the population of the 2*, 4 + and 6 + 

ground band states. The two next groups located at 1.8 MeV and 2.2 MeV 
are mainly due to the pick-up of high-j neutrons from the i 1 3 / 2 and An/ 2 

orbitals, respectively. At higher excitation energies we also find two weakly 
populated groups {at Ex = 4 5 MeV and 5.4 MeV) of unknow origin. 

Figure 2 shows the Ge 7-ray spectrum obtained in coincidence with all a-
particles. The spectrum contains solely 7-lines from the 1 B 8 _ 1 6 2 D y isotopes 1 1), 
which means that only the xn-channel is open subsequent to the (3He,o:) 
reaction. 

The a-particles feeding the various dysprosium isotopes can be extracted 
by putting gates on the 7-lines of fig. 2. For the even daughter isotopes we 
have used the 4 + -- 2 + ground band transition, and for the odd-A isotopes 
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the data are obtained with gate on many low-intensity 7-lines assigned to the 
specific isotopes. In particular, for the 1 6 1 Dy isotope it is difficult to obtain 
good statistics {note the many low-intensity lines marked with a circle in 
fig. 2). The gating procedure gives a somewhat undefined average spin for 
the various «-distributions. For the On-channel the spin is on the average 
around 5ft, rising to 8ft for the 4n-channel. 

In order to take into account the variation in the cross-section as a func
tion of excitation energy in 1 6 2 Dy, the spectra have been divided by the 
o-spectrum of fig. 1. Since only the xra-channel is open, we have normalized 
the distributions to each other so that the sum of them gives approximately 
a straight line with probability 1 for each energy bin. Strictly, such a nor
malization would only be correct if the spin distribution was constant, but 
the approximation is accurate enough for the present application. 

The final result of the extraction is shown in fig. 3. The a-distributions 
for the various isotopes are seen to be well selected using the 07-coincidence 
technique. The only distribution not overlapping with the neighbour is the 
On-distribution. The total intensity of each distribution is 1.00, 1.25, and 1.40 
for the 0, 1 and 2n-distributions, respectively, where we have normalized to 
the On-distribution. 

The experimental average energies (centroids) and widths (FWHM)of the 
distributions are listed in table 1. The increase in average energy as a function 
of the number of neutrons emitted is mainly due to the increasing neutron 
binding energies. However, a comparison with the value ( B , + 1 +Bi)/2 clearly 
reveals an additional contribution to the energy from the emitted neutrons. 
The difference between column 4 and 5 in table 1 divided on by the number 
of neutrons, gives an average neutron energy of 3.7, 2.6 and >2.6 MeV for 
the In, 2n and 37i-channels, respectively. The energy contribution from 
the neutrons are also seen from the measured widths of the a-distributions, 
by comparing with the width calculated from the neutron binding energies 

3 The Neutron Decay Model 
The neutron decay model outlined below is a first attempt to describe the 
experimental a-distributions of fig. 3. The model is based on the level density 
formula of a Fermi gas system with spin and pairing energy. However, the 
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most significant quantity of the model is the level density parameter a. 
Figure 4 shows the energy definitions and notations applied in the model. 

The mother nucleus is denoted by i = 0 (in our case 1 6 2 Dy) and the first 
isotope populated after one neutron decay by i = 1, and so on. Let nucleus 
i be excited to an excitation energy Ei. The probability of neutron decay to 
a certain excitation energy Ei+i in the nucleus with one less neutron is given 
by 

«,,(£, Ei+l) = [1 - «,(&)] L . J i { E l i + l ) • (1) 

The energy of neutrons emitted from nucleus i is expressed by 

E?A+l = Ei- Ei+1 - (Bi+1 - Bi), (2) 

which can be verified from the definitions of fig. 4. The upper integral limit 
of eq. (1) depends on the experimental excitation energy E^+i(J) of the yrast 
line for the i + 1 nucleus and on the parameter 

Li+l = Ei - (Bi+l - B& (3) 

where the relevant neutron binding energies B^ + 1 are listed in table 1. For 
convenience B0 = 0 has been defined. 

The probability (£;) of 7-decay within nucleus z is approximated with 
a simple step function. This is motivated by the fact that the coincidence 
yield of fig. 3 falls abruptly off for excitation energies above the one neutron 
binding energy of 8.2 MeV. This dominating rule of neutron decay is foreseen 
since the nuclear force is much stronger than the electromagnetic interaction. 
Therefore we assume the following dependence 

£,(£,) = 1 if Ei < ( f l l + 1 -- * ) + £ £ , ( / ) (4) 
£,(£,) = 0 if E. > ( # , + , - f t ) + £? + 1(/). (5) 

If one consider a distribution of spins, the threshold for neutron emis
sion will be somewhat smeared out due to the spin dependence of the yrast 
line. However, the neutron decay might be hindered for several reasons, 
fur instance if large £ angular momentum transfer is necessary to reach the 
available slates. Also A'-hindrance of the 7-decay might influence the decay 
properties. On the other hand, since such effects are only important close to 
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the neutron binding energy, our simple choice of the e(Ei) function seems to 
be appropriate. A great advantage of the present approach is that no details 
on the 7-decay probability has to be given. 

The reduced neutron decay probability in nucleus i is given by 

ft(^l)«^Hft+l(Wi ( 6 ) 

where the neutron emission is determined by the level density / ^ + 1 of available 
states in nucleus z + 1. 

For the level density (number of levels per MeV) we assume the following 
expression 

p(E) = p y r a a t + pFermi + Pother- (?) 

The level density of the yrast states Py^t is non-vanishing for the yrast level 
having proper spin and parity and is described by a 5-function with respect 
to the excitation energy E. The level density for a nucleus with mass number 
A, spin / and parity TT is described by the independent-particle Fermi gas 
model with pairing 1 2) 

PF.UE) = MJ^I,^" + T)-2exp2VIU , (8) 

where & is assumed to take the value of a rigid body 

0»g.d/ft2 = 0.0137v4B/3 MeV" 1 (9) 

and the thermodynamic temperature is given by 

T= ±-(l + ,/\+iaU). (10) 
la 

The main parameter for pFermi is t n e level density parameter a. The value of 
a depends on the mass number and to some extent on the temperature. In 
the semi-classical calculations of ref. 1 3) the parameter (in units of MeV" 1) 
varies slightly from A/9 to .4/11 in the temperature range from 1 to 5 MeV. 
Recent experimental studies 1 4) indicate values from A/S to 4/13 for the same 
temperatures. 

The intrinsic excitation energy U is defined according to the spin and the 
type of systpm considered 

£ / ( / ) = £ - £ " ( / ) - £ „ „ , (11) 
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where Ep^r is the pairing energy defined as A and 2A for odd-A and even-
even nuclei, respectively. 

The p0thcr function represents the level density not included above. The 
function is assumed to be a constant term starting at E= 1 MeV in the even-
even nuclei and at the ground state in odd-A nuclei. It can be determined 
by counting known levels, and typically we find around 4 levels of a certain 
spin and parity per MeV. The calculations are not very sensitive to this 
parameter. 

Assume that nucleus z = 0 is populated to an excitation energy E0 with 
spin / . Then the probability P? for 7-radiation in nucleus j is generally given 
by the multiplication of probabilities for going from one nucleus to the other 
by neutrons, and finally the probability for not going with neutron emission 
to the next j + I nucleus: 

P° (£o , / ) = e0(E0) (12) 

P?(E0,I) = f^dE^E^woiE^E,) (13) 
JEf 

/ ? ( £ „ , / ) = f1" dE, w0(E0, Et) f1" dE^E^w^Eu E2) (14) 
JB,-B,+E; JE; 

P°(Eo,I) = f"" dEiWaiEo.E^f ' dE2wl(El,E2)-• • 
' VB,-B,+B," JB,-B,+E' 

L'dEi(J{Ej)wj.l[Ej.l,Ei). (15) / 

4 Comparison with Experiment 
The experimental counterparts to the Pj functions of eq. (15) are spectra of 
the type ihown in fig. 3. In our case the most reliable experimental distri
bution is obtained for the 2n-channel leading to 7-decay within I 6 0 Dy. This 
distribution has the best statistics and the energy range is experimentally 
well covered. The 2n distribution includes also the behaviour of the left and 
right tail of the hi and 3n-channels, respectively (see fig. 3), since the sum 
of the distributions approximately equals unity. 

The spin distribution of the decaying fused system can be estimated from 
the "y-ray side-feeding intensities if we assume that the decay on the average 
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maintains the original spin distribution. Such an investigation was performed 
in ref.5} and the adopted side-feeding intensities S(I) for the 2n-channel 
are Hsted in table 2. Since the 7-decay stays within the ground band, one 
can easily deduce the spin distribution a{I) obtained with gate on specific 
ground band 7-Iines, as shown in table 2 for the 4 + —> 2 + , 6 + —>4+, 8+ —+6+ 

and 10 + —•8+ transitions. The deduced average spin values {/) are 5.9A 
for the S(I) distribution and 6.8fc, 7M, 9.6/i and 11.1A for the four a(I) 
distributions. 

In the upper part of fig. 5 the experimental or-distribution obtained with 
gate on the 4 + —• 2 + transition in 1 6 0 Dy is compared with the model predic
tion 

P;(E0) = ̂ a(I)P^E„J), (16) 
/ 

using the proper spin distribution from table 2. The calculations have been 
performed for two extreme values of the level density parameter, namely a 
= 14 and 20 M e V - 1 , as indicated in the upper part of fig. 5. The theoretical 
curves underestimate strongly the distribution at the left tail and possess 
almost no yield for excitations above 35 MeV. For the right tail between 15 
and 20 MeV, the calculation overshoots the experimental yield. The poor 
description of the tails can be understood from too low energy predictions 
for the neutrons. The experimental shape of the left and right tails indicate 
high-energy neutrons emitted from 1 6 2 > 1 6 1 Dy and l 6 2 Dy, respectively. 

In the description we therefore introduce the possibility that a fraction / 
of the decay originates from a pre-equilibrium source with low level density 
parameter ap. The main decay is still assumed to be described as evaporation 
from equilibrium with a level density parameter ae. Thus, eq. (16) is rewritten 
as 

PiiEo) = (1 - / ) / ? • ( £ „ ) + fP?[Eo). (17) 

Figure 6 shows the x2{api f) surface obtained by fitting expression (17) 
to the data. The deduced best values are ap = 6.0 ± 0.6 M e V - 1 and / = 
0.29 ± 0.07, using a, = 16.0 MeV" 1. The resulting distribution together 
with the pre-equilibrium component is shown in the lower part of fig. 5. The 
introduction of this new degree of freedom gives an astonishing improvement 
of the description. 

The spin dependence of the Ctted parameters has been explored using the 
distributions obtained with gate on the 4 + — 2 + , 6 + -» 4 + , 8 + — 6+ and 
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10 + —• 8 + ground band transitions in l f l 0 Dy. The model calculation were first 
performed with the previous parameter set and the proper a-distributions 
from table 2. Here, the fits for the 6 + -* 4 + , 8+ -> 6+ and 10+ -+ 8+ gates 
were poor. It turned out that variations in the / parameter, and not a p , made 
the fit acceptable. Figure 7 shows the experimental distributions compared 
to the final model predictions using /=0.29, 0.38, 0.45 and 0.55. 

The spin dependence of the fraction of decay from a pre-equilibrium 
source with ap — 6.0 M e V - 1 is summarized in fig. 8. A plausible expla
nation of the dependence on spin is that the higher the populated spin is the 
more peripheral is the reaction and the more improbable is the distribution 
of the energy on many nucleons. A central collision with low spin transfer 
excites many nucleons and is in that stage closer to the equilibrium state. 

5 Conclusion 
The a-distributions obtained with gate on 7-lines in the 1 6 3 Dy( 3 He,a xn 7) 
reaction has been compared with a simple model based on the Fermi gas 
density. The observed distributions require that a hot source emitter has to 
be introduced together with the standard evaporation source of the equilib
rium system. The pre-equilibrium source (hot source) is described by a level 
density parameter of ap = 6.0 MeV independent of the spin transfer in the 
reaction. Around 25 MeV of excitation energy, this value corresponds to a 
temperature of T ~ 2 MeV which is far lower than obtained for the emission 
of the Q-particle with T ~- 5 MeV. This indicates that neutrons are emitted 
much later than the a-particle. 

The parameter / , which determines the fraction of decay from the pre-
equilibrium source, is found to increase with populated spin. This behaviour 
is interpreted as a delayed equib'bration prior to neutron decay for peripheral 
collisions. 

The authors are grateful to Professor R. Tangen for making the 1 6 3 Dy 
target and to the crew of the Oslo cyclotron for excellent experimental con
ditions. We wish to acknowledge the support of the Norwegian Research 
Council (NFR). 
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Table 1: Energy centroids and FWHM (MeV) of a-distributions for dyspro-
sium isotopes compared with values obtained from neutron binding energies. 

Isotope i Bi+l <£,>r2Dy) 
experiment 

(Bi+l + SO/2 FWHM 
experiment 

Bi+l - S ; 

, 6 2 D y 0 8.195 4.6 4.1 8.2 8.2 
1 6 1 Dy 1 14.646 15.1 11.4 9.7 6.5 
1 6°Dy 2 23.228 24.2 18.9 11.8 8.6 
1 5 9 Dy 3 30.054 >34.5 26.6 12.5 6.8 
1 5 8 Dy 4 39.115 - 34.6 - 9.1 

Table 2: Side-feeding 7-intensity S(I) of the ground 
band of 1 6 D Dy and spin distributions oc(I) deduced for 
gates on various ground band transitions. 

Spin / S(I) 
4+ _, 2+ 6+ ->i+ 8+ ->6+ 10+ - > 8 + 

0 0.032 
2 0.135 
4 0.227 
6 0.299 
8 0.147 
10 0.101 
12 0.038 
14 0.015 
16 0.005 

0.273 -
0.359 0.494 
0.177 0.243 0.480 
0.121 0.166 0.329 0.633 
0.046 0.063 0.125 0.240 
0.018 0.025 0.050 0.095 
0.005 0.008 0.017 0.032 



Figure captions: 

Fig.l Inclusive a-particle spectrum from the reaction with 45 MeV 3 He ions 
on l63Dy. 

Fig.2 Exclusive Ge 7-spectrum obtained with gate on a-paiticles from the 
1 6 3 Dy( 3 He,a) reaction. The *y-ray transitions within the ground band 
of the even dysprosium isotopes are connected by lines. 

Fig.3 The energy probability distributions of a-particles feeding various dys
prosium isotopes as a function of Bx in 1 6 2 Dy. 

Fig.4 A schematic view of the 2?i-channel leading to the i = 2 nucleus. The 
energy parameters shown are used in the neutron decay model (see 
text). 

Fig.5 The experimental a-energy distributions leading to the 1 6 0 D y isotope 
after the emission of two neutrons. In the upper part the observed 
distribution is compared with predictions of a Fermi gas model for an 
equilibrated compound system. In the lower part a good fit to the 
experimental data is obtained with the inclusion of a 29 % decay from 
a pre-equilibrium source with a level density parameter of ap = 6.0 
MeV" 1 . 

Fig.6 x2 surface from the fit of eq. (17) to the experimental 2n-distribution 
of fig. 5. The fraction / of decay from the pre-equilibrium source and 
the level density ap of the source are used as fitting parameters. The 
best fit is obtained for ap = 6.0 ±0 .6 MeV" 1 a n d / = 0.29 ±0.07 using 
a fixed level density of ae = 16.0 M e V - 1 for the equilibrium source. 

Fig.7 The 2n-distributioa obtained with gate on ground band transitions in 
l 6 0 Dy. An increasing amount of decay from the pre-equilibrium source 
U necessary to describe the data. 

Fig.8 The fraction / of decay from pre-equilibrium as a function of average 
spin populated in the 1 6 3 Dy( 3 He,a2n) reaction. 
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