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Temperatures in 86Kr+12C reactions are higher than in 78Kr+12C reactions 
 

A.B. McIntosh, L.A. McIntosh, K. Hagel, and S.J. Yennello 
 

Reactions of 78,86Kr + 12C @ 15, 25, 35 MeV/u [1] have been measured with the FAUST 
(Forward Array Using Silicon Technology) coupled to the QTS (Quadrupole Triplet Spectrometer). The 
primary motivation for this measurement was the investigation of the asymmetry dependence of the 
nuclear caloric curve [2-11] via fusion reactions. 

Each of the 68 FAUST telescopes consist of a DADL (Dual-Axis Duo Lateral) silicon detector 
backed by a CsI(Tl)/PD. The DADLs [12,13] used in FAUST [14] resistively split the charge collected on 
the faces of the detector to determine the position. For protons which deposit very little energy in the 
silicon detector, this can result in one or more of the four signals from the detector to be below threshold. 
If the requirement is made that all four signals were above threshold, much of the proton distribution is 
missed. But events with missing signals can be added back in. For all of some of these, full energy and 
position information is possible to reconstruct; for others, only energy and position in one of the two 
dimensions is possible. If three signals are required, the fourth can be calculated since the sum of the two 
front signals must equal the sum of the two back signals. If two back signals (or two front signals) are 
missed, the energy and position from the front (or back) is good, but the position information from the 
back (or front) is lost. If one back and one front are missed, the measured signals contain enough energy 
that the ΔΕ-E technique still provides particle ID, the CsI signal can be used with energy loss calculations 
to determine the total energy of the particle, and the position information in both dimensions can be 
obtained. If three of the four signals are missing, the same technique as two missing signals can be used, 
though the position information in one of the two dimensions is lost. This augmentation to the calibration 
was implemented. The energy distributions of protons are thus measured with greater efficiency up to 100 
MeV (the punch-through energy for the CsI). Since the majority of the incomplete proton events are 
missing two back signals, this recovery procedure still significantly lacks full position information, and 
for events with full position information, the positions measured are strongly biased toward the center of 
the detector. The above applies to deuterons and tritons as well but to a lesser extent. 

The excitation energy is calculated for each of the six systems (two beam isotopes at three 
energies each) from the measured fusion residue velocity [15-17]. The recoil effects from evaporation are 
large enough to preclude accurate event-by-event calculation of the excitation energy, so the mean of the 
distribution is used to calculate the mean excitation energy. 

Temperatures have been extracted using three methods [18] from light charged particles emitted 
in the fusion reactions. The kinetic slope temperature is the first method used. The velocity distributions 
of the light charged particles form a ring centered on the residue velocity which can be described by a 
Maxwell-Boltzmann distribution in the frame of the residue. Fitting [19] these energy spectra in the 
residue frame provides the slope temperature. This is done separately for each type of evaporated particle. 
Fig. 1 shows the caloric curve extracted for alpha particles. The temperature rises monotonically with 
excitation as expected at low excitation. The blue points, corresponding to the neutron-rich 86Kr beam, 
exhibit higher temperatures than the red points, corresponding to the less-neutron-rich 78Kr beam. Slope 
temperatures for other light charged particles either show the same behavior (6He, Li) or no difference 
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with uncertainties (1,2,3H, 3He). Since the efficiency for detecting residues is not great, kinetic spectra in 
the frame of the average residue velocity are also calculated to take advantage of improved sample size; 
slightly higher temperatures are extracted (kinematic smearing), but the neutron-rich systems still show 
higher temperature. The failure of the lightest isotopes to reproduce this trend, and even to provide 
increasing T with E*/A, arises from the reduction in effective active area of the detector as a function of 
increasing particle kinetic energy. Inclusion of the particles that produce fewer than four silicon signals 
improves the situation somewhat, but the energy-dependent efficiency remains significant. An accurate 
quantification of the efficiency could allow a correction to be made in the future. 

The second method for calculating the temperature is the momentum quadrupole fluctuation 
thermometer (MQF) [20]. This in principle provides the same information as the other kinetic 
thermometer, but in practice has different biases. The MQF does not rely on fits, only on the width of a 
distribution (px^2-py^2), and avoids use of momenta in the direction of the beam to avoid collective 
effects (though these should be small for the fusion reactions studied here). Fig. 2 shows the MQF 
temperatures for alpha particles as a function excitation energy. Again, higher temperatures are observed 
for the more neutron-rich systems. The higher temperatures seen for the MQF are consistent with 
previous observations [2-4]. A quantum correction [20,21] and a Coulomb correction [22] could change 
the absolute values but should not change the result that higher temperatures are observed for more 
neutron-rich systems. 

 

 
Fig. 1. Alpha particle slope temperatures for 86Kr+12C (blue) and 78Kr+12C 
(red). 
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The third method for calculating temperature is the double yield ratio method [Alb1985]. Here, 

(p/d)/(h/a) and (d/t)/(h/a) are used. The energy dependent efficiencies for Z=1 particles cancels out to first 
order (as do many other effects). The yields are only calculated where coverage is large. The resulting 
temperatures are shown in Fig. 3, where it can again be seen that the more neutron-rich system exhibits a 

 
Fig. 2. Alpha particle fluctuation temperatures for 86Kr+12C (blue) and 87Kr+12C 
(red). 
 

 
Fig. 3. Albergo temperatures for 86Kr+12C (blue) and 87Kr+12 (red) using two 
different double isotope ratios. 
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larger temperature. Temperatures are examined over a range of angles in the residue frame, and though 
there is a modest variation of the temperature with this angle, the temperatures are always higher for the 
more neutron-rich system. 

The higher temperatures for neutron-rich systems in this Kr+C measurement are at odds with the 
lower temperatures seen for neutron-rich systems in reactions of Zn+Zn [Mc2013a, Mc2013b, Mc2014], 
and further investigation is required to resolve this. The use of free neutrons in the Zn+Zn measurement 
in both the reconstruction of the composition and in the excitation energy is a natural point to begin. 
However, previous analysis concluded that this autocorrelation was too small to explain the effect; 
additionally, lower temperatures were seen for more neutron-rich sources even when selecting on 
entrance channel composition rather than reconstructed composition.  
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