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EMISSION TEMPERATURES IN INTERMEDIATE ENERGY NUCLEAR COLLISIONS 
FROM THE RELATIVE POPULATIONS OF WIDELY SEPARATED STATES 
IN SLi AND 8Be* 
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Light particle correlations at small relative momenta  were measured for 4°Ar induced reactions on 197Au at E/A  = 60 MeV. 
The relative populations of widely separated states of 5 Li and 8 Be suggest mean nuclear temperatures at emission of about 
5 MeV. 

Statistical models have successfully described 
the emission of complex particles in intermediate 
and high energy nucleus-nucleus collisions [1-5]. 
In several of these models, the concept of 
temperature plays a central role; the experimental 
determination of this quantity is clearly important. 
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Most attempts to extract temperatures are based 
on analyses of the kinetic energy spectra of the 
emitted particles [6]. The interpretation of such 
spectra may, however, be complicated by ad- 
ditional sensitivities to the collective motion [7] 
and the temporal evolution of the emitting system 
[4,5,8]. 

An alternative determination of the "emission 
temperature", i.e. the temperature at the point at 
which the particles leave the equilibrated subsys- 
tem, is based on the relative population of states. 
First particle-y-coincidence measurements [9,10] 
of the population of excited states in Li and Be 
nuclei were performed for 14N induced reactions 
on 197Au at E/A = 35 MeV. These measurements 
investigated the population of states at rather low 
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excitation energy; they were interpreted in terms 
of surprisingly low emission temperatures, T ~< 
1 MeV. However, feeding from higher lying 
particle unstable states and neutron induced 
deexcitations may make this temperature de- 
termination inaccurate [9-12]. Recently, the 
relative populations of particle unbound states in 
6Li, separated by a few MeV excitation energy, 
were measured for 4°At induced reactions on 197Au 
at E / A  = 60 MeV via particle correlation tech- 
niques [12]. These results were consistent with 
higher emission temperatures, T--- 5 MeV, but 
could not exclude substantially higher values 
because of possible interactions after emission 
[121. 

More accurate determinations of the emission 
temperature can be made by measuring the 
relative populations of states separated by signifi- 
cantly larger energy intervals. In this letter we 
present the first quantitative temperature measure-" 
ment  based on the relative populations of states 
separated by energy intervals of the order of about 
15 MeV. Specifically, we have measured the 
populat ion of states in 5Li and 8Be for 4°Ar 
induced reactions on 19VAu at E / A  = 60 MeV. 
These states are separated by 16.7 and 14.6 MeV, 
respectively. Although the population of these 
states is clearly established, the population ratios 
indicate relatively low temperatures of 4-5  MeV 
as compared to the value of about 20 MeV 
characterising the kinetic energy spectra of the 
emitted particles [13]. 

The experiment was performed at the 
Laboratoire G A N I L  at Caen. A gold target of 10 
m g / c m  2 areal density was irradiated by a beam 
of 4°At of E / A  = 60 MeV incident energy. Light 
particles ( Z  ~< 3) were detected by a close packed 
hexagonal array of 13 AE - E telescopes, each 
consisting of a 400 #m thick Si detector and a 10 
cm thick N a I  detector. The center of the hodo- 
scope was positioned at a laboratory angle of 30 °. 
Each telescope subtended a solid angle of 0.46 
msr; the angular separation between adjacent 
telescopes was 4.2 ° . The energy calibrations of the 
hodoscope, established for all isotopes with Z ~< 3, 
are accurate to within 2%. 

We present our data in terms of the correlation 
function, R(q),  which is defined in terms of the 

singles yields, YI(Pl)  and Y2(P2), and the 
coincidence yields, Y12(P1, P2): 

Y12(Pl,P2) = C12Y1(P1)Y2(P2)[ 1 + R ( q ) ] .  (1) 

Here, p l  and P2 are the laboratory momenta  for 
particles I and 2; q is the momentum of relative 
mot ion between the two coincident particles; C12 
is a normalisation constant which was determined 
by requiring R(q)  = 0 for large relative momenta.  
The experimental correlation functions were  
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Fig. 1. Correlation functions for coincident protons and alpha 
particles (a) and coincident deuterons and 3He nuclei (b) 
measured for '*OAr induced reactions on 197Au at E/A = 
60 MeV. The dashed fines indicate the extremes within which 
the background correlation functions were assumed to fie. 

276 



Volume 161B, number 4,5,6 PHYSICS LETTERS 31 October 1985 

obtained by inserting the measured cross sections 
into eq. (1) and summing both sides of t.he 
equation over all energies and angles correspond- 
ing to a given momentum q. 

Figs. 1 and 2 show the measured p -a ,  d-3He, 
a-a, and p-TLi correlation functions, respectively. 
The p - a  correlation function, shown in fig. la, 
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Fig. 2. Correlation functions for coincident alpha particles (a) 
and coincident protons and 7Li nuclei (b) measured for 4°At 
induced reactions on 197Au at E/A = 60 MeV. The dashed 
lines indicate the extremes within which the background 
correlation functions were assumed to fie. 

exhibits two peaks which have been identified [14] 
as due to the decay of the particle unstable ground 
states of 9B and 5Li. The ground state [15] of 5Li 
( j , ,  = 3- ,  F = 1.5 MeV, r # l ' t o  t = 1.00) will be 
used in our analysis. The most pronounced peak 
in the d -3He  correlation function, shown in fig. 
lb,  corresponds to the decay of the 16.66 MeV 
state [15] in 5Li ( J "  3 + = i , F = 0.3 MeV, F d / r t o  t = 

0.86). The a-a correlation function, shown in fig. 
2a, shows the tail of the peak resulting from the 
decay of the particle unstable ground state of 8Be. 
The structure at q = 50 MeV/c  is caused by the 
decay of 9Be2"3[14], the structure at q = 105 
M e V / c  is caused by the decay of the 3.04 MeV 
state [15] in 8Be (J'~ = 2 +, F = 1.5 MeV, FJF to  t = 
1.00); this peak will be used in our analysis. The 
p-TLi  correlation function, shown in fig. 2b, 
exhibits several sharp structures resulting from the 
decay of high lying states in aBe. For our analysis 
we will use the first peak which corresponds to the 
decay of the 17.64 MeV state [15] in 8Be (J'~ = 1 +, 
F = 0.01 MeV, rp/r,o, = 1.00). 

The coincidence yield, Yc, corresponding to the 
decay of a given particle unstable isotope was 
extracted by assuming that the total coincidence 
yield, Yxz, is given by: Yn = Yc + Yb, where Yb 
denotes the "background" yield. In our analysis, 
we have described this background yield in terms 
of the background correlation function Rb(q): 

Yb(q) = C12Yl(Px)Y2(P2)[ 1 + Rb(q)]"  

The background correlation functions were as- 
sumed to lie within the extremes indicated by the 
dashed lines in figs. 1 and 2. 

The decay coincidence yields Yc were calculated 
for each decay channel according to the equation 

Y¢(E*,T)= f dE[ec(E',E)pc(E)e-E/T], (2) 

where E and E* denote the actual and measured 
excitation energies of the decaying parent nucleus, 
respectively; T is the emission temperature, 
ec(E*, E)  is the efficiency function of the hodo- 
scope for the detection of the specific decay 
channel, and 

(2J~ + 1)r,/2~r r~,, 
pc (E)  (3) 

= ~  (E_E,)2+ r,2/4 ri 
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The sum in eq. (3) includes the relevant resonances 
characterised by the excitation energies E i, the 
widths F,, and the branching ratios Fc , JF  i. 
Penetrability effects were included. The efficiency 
functions, ec(E*, E),  were calculated for the 
precise geometry, detection thresholds and energy 
resolution of the experiment. In these calculations, 
each resonance was assumed to decay isotropically 
in its center-of-mass frame. The laboratory energy 
spectra and angular distributions of the parent 
states were parameterised with simple analytic 
functions which had been used previously to 
describe the measured energy spectra and angular 
distributions of particle stable 6Li and 7Li nuclei 
[12]. Calculated yield ratios for two resonances of 
a given isotope were found to be rather insensitive 
to the specific choice of parameterisation. 

To determine the relative populations of the 
four particle unstable resonances, 5Lio.0 ---, et + p, 
5Li16.7 ~ d + 3He, 8Be3.04 ~ 2et, 8Be17.6 ~ p + 7Li, 
the calculated decay yields were integrated over 
the range of excitation energy for which the 
coincidence yields were dominated by these 
respective decays. The corresponding integrals 
were performed for the experimental decay yields. 
The integrals over the two states at low and high 
excitation energies for a given particle unstable 
nucleus are denoted by NL(T) and NH(T),  
respectively. The functional dependence of the 
calculated yield ratios N L / N  H for particle unsta- 
ble SLi and aBe nuclei is shown by the solid lines 
in fig. 3. The hatched regions in the figure indicate 
the range of yield ratios and emission tempera- 
tures which are consistent with the extreme 
background assumptions shown in figs. 1 and 2. 
The relative populations of states in 5Li and 8Be 
correspond to emission temperatures of T = 4.6 __+ 
0.7 MeV and T = 4.2 + 0.5 MeV, respectively. (It 
should be stressed that the uncertainties are not 
statistical; they result directly from our rather 
conservative estimates of the uncertainties of the 
background.)  These temperatures are consistent 
with the results of our recent analysis of the a - d  
coincidence spectrum [12]. At the same time, they 
are considerably lower than th~ t empera tu re  
parameters  of about 20 MeV which characterise 
the kinetic energy spectra of the emitted particles. 
The large energy spacing between the states at low 
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Fig. 3. Yield ratios NL/N H corresponding to the decays of 
5 Li and 8 Be nuclei. The solid curves show the calculated ratios 
as a function of the emission temperature and the hatched 
regions indicate the range of values consistent with our 
assumptions for the background coincidence cross sections. 

and high excitation energy ensures that the 
extracted temperatures are relatively insensitive to 
the effects of sequential decay. Thus both signifi- 
cantly higher and lower emission temperatures are 
precluded. 

Our experiment clearly establishes the emission 
of complex nuclei in highly excited particle 
unstable states. For 4°Ar induced reactions on 
197Au at E / A  = 60 MeV, the populations of high 
lying states in 5Li and SBe indicate emission 
temperatures of about 4 -5  MeV. These values are 
consistent with a recent analysis of the a - d  
coincidence spectrum, but considerably lower than 
the temperature parameters which characterise the 
kinetic energy spectra of particles emitted in 4°Ar 
indficed reactions on 197Au at E / A  = 60 MeV. 
Future theoretical treatment of the disintegration 
of highly excited nuclear matter will be required 
to quantitatively explain this low emission temper- 
ature. 
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